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1.  Introduction 


Breast  cancer  is  the  most  commonly  occupying  cancer  among  women.  While  great  stride  is  made  in  the 
recent  years  in  disease  diagnosis  and  treatment,  we  still  don’t  have  effective  means  to  treat  a  major  sub¬ 
population  of  metastatic  breast  cancer  patients,  particularly  those  who  suffer  from  triple-negative  breast 
cancer  (TNBC).  The  average  time  to  live  after  documentation  of  metastasis  is  only  about  two  years.  Unlike 
other  subtypes,  TNBC  lacks  the  expression  of  three  receptors:  estrogen  receptor  (ER),  progesterone 
receptor  (PR)  and  human  epidermal  growth  factor  receptor  2  (Her2/neu),  hence  the  name.  The  available 
treatments  targeting  these  receptors  do  not  work  for  TNBC  patients.  Studies  show  that  inflammatory  genes 
drive  rapid  progression  of  TNBC,  and  epithelial-mesenchymal  transition  (EMT),  a  process  of  massive  cell 
movement  required  for  morphogenesis  in  embryonic  development,  is  responsible  for  cancer  cell  invasion 
and  metastasis.  The  major  challenge  in  TNBC  research  is  to  identify  the  factors  within  the  cell  that  initiate 
and  promote  tumor  metastasis.  Our  goal  is  to  determine  the  role  of  gene  transcriptional  regulation  in  the 
development  of  metastatic  TNBC.  We  focus  on  the  function  of  lysine  acetylation  in  gene  activation  to  attain 
both  mechanistic  insights  and  rational  design  of  small  molecules  that  modulate  the  acetyl-lysine  binding 
activity  of  the  bromodomain  (BrD),  which  function  was  first  discovered  by  the  M.-M.  Zhou  lab  ( Nature ,  1999) 
(PI  of  this  project).  BrDs  are  embedded  in  many  transcription-associated  proteins  such  as  the  BET  (bromo 
and  extra-terminal  domain)  proteins  important  for  transcriptional  activation  of  pro-inflammatory  and 
oncogenesis  genes  in  TNBC.  Our  recent  study  between  the  labs  of  Drs.  M.-M.  Zhou  and  B.P.  Zhou  (an 
expert  investigator  on  TNBC;  also  Partnering  PI  of  this  project)  has  attributed  rapid  tumor  growth  and 
metastasis  of  TNBC  cells  to  tumor  initiating,  undifferentiated  stem  cell  properties,  and  to  over-activation  of 
oncogenes  ( Cancer  Cell,  2014).  We  show  that  a  new  class  of  BrD  inhibitors  (BrDis),  we  developed, 
effectively  down-regulate  expression  of  cancer  stem  cell  (CSC)  factors,  inhibit  oncogenic  gene  expression, 
and  suppress  rapid  growth  and  invasion  properties  of  TNBC  cells. 

We  hypothesize  that  the  inflammatory,  EMT  and  CSC  properties  of  TNBC  tumor  are  caused  and  fueled  by 
transcriptional  over-activation  of  inflammatory  and  oncogenic  genes;  chemical  inhibition  of  such  aberrant 
transcriptional  activities  can  circumvent  the  aggression  of  metastatic  TNBC  tumor.  To  reach  the  goal  of  our 
proposed  study,  we  will  achieve  the  three  Specific  Aims:  (1)  Determine  the  role  of  BET  proteins  in  gene 
transcriptional  activation  in  TNBC;  (2)  Develop  selective  BrD  inhibitors  targeting  oncogene-activation;  and 
(3)  Characterize  the  mechanism  of  the  transcriptional  program  in  TNBC  cells. 

EMT  and  CSC  properties  play  a  critical  role  in  invasion,  drug  resistance,  and  tumor  recurrence  and  are 
often  associated  with  poor  prognosis  in  TNBC  patients.  Our  findings  will  contribute  greatly  toward  the 
understanding  of  induction  of  EMT  at  metastasis.  Our  study  also  explores  the  therapeutic  potential  of 
targeting  this  initiating  event  for  the  treatment  of  metastatic  breast  cancer. 
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2.  Keywords 

BET  -  bromodomain  and  extra-terminal  domain 

BLBC  -  basal-like  breast  cancer 

BrD  -  Bromodomain 

ChIP  -  chromatin  immunoprecipitation 

ChIP-seq  -  chromatin  immunoprecipitation  sequencing 

CSC  -  cancer  stem  cell 

EMT  -  epithelial-mesenchymal  transition 

ER  -  estrogen  receptor 

FA  -  fluorescence  anisotropy 

FACS  -  flow  cytometry  analysis 

Her2/neu  -  human  epidermal  growth  factor  receptor  2 

ITC  -  isothermal  titration  calorimetry 

NMR  -  nuclear  magnetic  resonance 

PR  -  progesterone  receptor 

RNA-seq  -  RNA  sequencing 

TAMs  -  tumor-associated  macrophages 

TMA  -  tissue  microarray 

TNBC  -  triple-negative  breast  cancer 
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3.  Accomplishments 


3.1.  What  were  the  major  goals  of  the  project? 

In  this  past  12  months  of  this  project,  i.e.  the  second  year  of  this  grant’s  funding  period,  we  have  focused 
our  efforts  in  this  study  as  outlined  in  the  major  Tasks  1-3  of  our  research  proposal. 

Task  1 : 

a.  Determine  binding  specificity  of  the  BrDs  of  the  BET  proteins  to  lysine-acetylated  peptides  derived  from 
histones  and  major  transcription  proteins  including  Twist,  NF-kB  and  STAT3. 

b.  Define  the  molecular  basis  of  the  BET  BrDs’  selective  interactions  with  effector  proteins  through 
structure-guided  analysis,  and  determining  the  key  residues  using  site-directed  mutagenesis. 

c.  Validate  the  selective  molecular  interactions  of  the  BET  BrDs  with  transcription  proteins  in  luminal  and 
basal-like  breast  cancer  cell  lines,  with  and  without  treatment  of  new  BET  BrD  inhibitors. 

Task  2: 

a.  Design  and  synthesize  new  diazobenzene  analogs  to  optimize  lead  compounds  with  high  affinity  (Kd<100 
nM)  and  selectivity  (>100:1  for  a  target  over  closely  related  proteins).  This  is  an  iterative  process,  and  is 
coupled  to  task  2.2b-c  and  task  3.1  a-c. 

b.  Determine  the  detailed  molecular  basis  of  ligand  recognition  by  the  BET  BrDs  by  obtaining  SAR  data  of 
lead  series,  and  by  solving  new  crystal  structures  of  new  ligands  bound  to  BET  BrDs. 

c.  Validate  the  cellular  efficacy  (EC50  <  1  ^M)  of  new  BrD  inhibitors  in  multiple  TBNC  cell  lines. 

Task  3: 

a.  Elucidate  BRD4  functions  in  EMT  and  CSC  properties  as  well  as  tumorigenicty  of  TNBC  cells  in  vitro  and 
in  vivo  using  the  newly  developed  selective  BrD  inhibitors. 

b.  Identify  direct  target  genes  of  BRD4  in  TNBC  cell  lines  through  ChIP-seq  and  RNA-seq  analysis. 

c.  Determine  the  transcriptional  expression  levels  of  target  genes  of  BRD4  in  human  TNBC  samples. 

3.2.  What  was  accomplished  under  these  goals? 

We  have  made  major  progress  in  the  past  12  months  in  this  collaborative  study  between  Dr.  M.-M.  Zhou’s 
Lab  at  Icahn  School  of  Medicine  at  Mount  Sinai  and  Dr.  B.H.  Zhou’s  Lab  at  Kentucky  University  College  of 
Medicine,  as  planned  in  our  proposal.  Specifically,  Dr.  M.-M.  Zhou’s  lab  has  conducted  extensive  structural 
and  biochemical  analyses  of  interactions  of  the  bromodomains  of  BET  proteins,  particularly  BRD4  with 
lysine-acetylated  histones  and  transcription  factors  including  Twist,  NF-kb,  STAT3,  and  F0X03a,  as  well  as 
BRD2  with  STAT3,  and  conduced  structure-based  rational  design  and  synthesis  of  new  chemical  inhibitors 
for  BET  BrDs.  At  the  same  time,  Dr.  B.H.  Zhou’s  lab  has  performed  detailed  functional  characterization  of 
BET  proteins  interactions  with  histones  and  key  transcriptional  factors  using  the  new  structural  insights 
generated  from  Dr.  M.-M.  Zhou  lab’s  study.  In  addition,  Dr.  B.H.  Zhou’s  lab  has  been  evaluating  the 
mechanistic  linkage  between  TNBC  and  obesity,  which  should  be  helpful  to  our  efforts  in  the  development 
of  novel  targeted  therapy  for  TNBC  (see  below).  Specifically,  in  the  past  year,  we  have  completed  most  of 
the  studies  organized  as  subtask  1b,  and  subtasks  2a  and  2b  (M.-M.  Zhou),  subtasks  1c  and  3c  (B.H. 
Zhou),  and  subtasks  2c,  3a  and  3b  (M.-M.  Zhou  and  B.H.  Zhou).  Below,  we  highlight  some  of  our  new  key 
discoveries  in  this  joint  project. 

(A)  Structural  Mechanism  of  Stat3/BRD2  in  Control  of  Gene  Transcription 

The  BET  proteins  are  major  transcriptional  regulators  and  have  emerged  as  new  drug  targets,  but  their 
functional  distinction  has  remained  elusive.  Recently,  we  have  characterized  the  mechanistic  functions  of 
BET  proteins  Brd2  and  Brd4  in  the  context  of  lineage-specific  differentiation  of  T-helper  17  (Thl  7)  that  are 
derived  from  murine  primary  naive  CD4+  T  cells  isolated  from  mouse  spleen  and  lymph  nodes.  Given  the 
widely  implicated  functions  of  pro-inflammatory  Thl 7  cells  in  cancer  and  inflammatory  disorders,  our  study 
is  highly  relevant  to  our  goal  to  better  understand  the  transcriptional  mechanism  that  contributes  to  the 
onset  and  development  of  TNBC  in  humans  that  has  been  suggested  as  cancer  driven  by  inflammation. 
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Specifically,  in  this  study,  we  show  that  Brd2  and 
Brd4  exert  distinct  genomic  functions  at  genes 
whose  transcription  they  co-regulate  during  Th17 
cell  differentiation.  Brd2  is  associated  with  the 
chromatin  insulator  CTCF  and  the  cohesin 
complex  to  support  c/'s-regulatory  enhancer 
assembly  for  gene  transcriptional  activation.  In 
this  context,  Brd2  binds  the  transcription  factor 
Stat3  in  an  acetylation-sensitive  manner  via  its 
second  bromodomain  (BD2)  recognition  of 
K87ac  site  in  Stat3,  which  we  have  established 
through  detailed  structural  mechanism  analysis 
using  combined  NMR  spectroscopy  and 
molecular/cell  biology  methods  (Figure  1)  (PDB 
code:  5U5S).  We  further  demonstrate  that  this 
Stat3/Brd2-BD2  interaction  facilitates  Stat3 
recruitment  to  active  enhancers  occupied  with 
transcription  factors  Irf4  and  Batf.  In  parallel, 
Brd4  temporally  controls  RNA  polymerase  II  (Pol 
II)  processivity  during  transcription  elongation 
through  cyclinT1/Cdk9  recruitment  and  Pol  II 
Ser2  phosphorylation.  Collectively,  our  study 
uncovers  both  separate  and  interdependent  Brd2 
and  Brd4  functions  in  potentiating  the  genetic 
program  required  for  Th17  cell  development  in 
inflammation  and  cancer,  particularly  TNBC. 


1  Coiled  Coil  DNA  Binding  SH2  TAD  77°  myc-p300  -  +  +  +  + 

GFP-Brd2  -  +  +  +  + 

Brd2-BD1  i/s  Brd2-BD1  +  Stat3-K87ac  Brd2-BD2  \/s  Brd2-BD2  +  Stat3-K87ac  Flag-Stat3  -  +  K49R  K87R  K685R 


Figure  1.  Structural  basis  of  Brd2/Stat3  recognition,  (a)  2D  15N- 
HSQC  spectra  of  Brd2-BD1  or  BD2  illustrating  changes  of  the 
protein  backbone  amide  resonances  in  the  free  form  (black),  and  in 
the  presence  of  Stat3-K87ac  peptide  (red).  Upper  panel,  the  main 
lysine  acetylation  sites  (K49ac,  K87ac  and  K685ac)  are  depicted  in 
Stat3  protein,  (b)  3D  NMR  structure  of  Brd2-BD2  bound  to  Stat3- 
K87ac  peptide  (yellow),  illustrating  Stat3-K87ac  recognition  by  the 
key  residues  at  the  Kac  binding  site.  Right,  electrostatic  potential 
representation  of  Brd2-BD2  depicts  Stat3-K87ac  recognition  in  the 
Kac  binding  pocket,  (c)  Assessing  site-specific  Kac  in  Stat3/Brd2 
association.  Immuno-precipitation  of  Flag-tagged  Stat3  wild-type,  or 
point  mutants  of  the  three  known  lysine  acetylation  sites  in  HEK293 
cells  co-transfected  with  myc-300,  and  immunoblotting  with  specific 
antibodies  to  examine  Brd2  interactions  with  Stat3. 
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(B)  Twist  Regulates  ATX  and  LPAR1  Expression 

The  rapid  tumor  growth  as  well  as  aggressive  metastasis  of  TNBC  heavily  relies  on  aberrant  up-regulation 
of  pro-oncogenic  inflammatory  pathways.  Elucidation  of  the  transcriptional  program  regulated  by  Twist  helps 
us  better  understand  the  mechanistic  linkage  between  TNBC  and  obesity.  From  numerous  studies,  we  learn 
that  ATX  a  secreted  enzyme  (encoded  by  ENPP2)  produces  most  of  the  extracellular  lysophosphatidic  acid 
(LPA),  which  signals  through  its  receptors  (LPAR1-6)  to  mediate  a  wide  range  of  inflammatory  processes 
including  wound  healing,  fibrosis  and  metastasis.  Aberrant  expression  of  ATX  and  LPARs  has  been  linked 
to  invasion,  migration  and  metastasis 
of  many  types  of  cancers,  including 
TNBC.  Our  current  study  indicates  that 
Twist  activation  intensifies  the 
inflammatory  ATX-LPAR1  signaling  to 
promote  the  development  and 
progression  of  obesity-associated 
TNBC  (see  Figure  2a).  We  generated 
stable  human  normal  breast  epithelial 
cell  lines  MCF10A  and  HMLE,  as  well 
as  luminal  breast  cancer  cell  line  T47D 
with  ectopic  overexpression  of  Twist, 
and  performed  cDNA  microarray 
screen  to  identify  potential  Twist  target 
genes.  It  was  revealed  that  the  mRNA 
levels  of  Autotaxin  (ATX)  and  LPAR1 
were  dramatically  increased  upon 
Twist  over-expression  (Figure  2b). 

Consistently,  we  found  that  ATX  and 
LPAR1  are  highly  expressed  in  TNBC 
cells,  and  their  expression  correlates 


MCFIOA-Twist 


f/ 


6* 


MDA-MB-157  MDA-MB-231 


Figure  2.  The  role  of  Twist-ATX-LPARI  signaling  axis  during  TNBC  cell- 
adipocyte  crosstalk,  (a)  Scheme  depiction  of  the  Twist-ATX-LPARI  signaling 
axis  in  TNBC.  (b)  ENPP2  and  LPAR1  are  potential  target  genes  of  Twist.  Upper 
panel,  Twist  overexpression  increased  mRNA  levels  of  ENPP2  and  LPAR1.  Lower 
panel,  fold  change  of  ENPP2  and  LPAR1  mRNA  levels  in  TNBC  cells  compared  to 
MCF7  cells,  (c)  Western  blotting  showing  expression  of  Twist  and  LPAR1  in  TNBC 
cells  and  luminal  subtype  cells. 
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with  that  of  Twist  (Figure  2c).  Notably,  aberrant  expression  of  ATX  and  LPARs  has  been  linked  to  invasion, 
migration  and  metastasis  of  many  types  of  cancers,  including  TNBC.  Importantly,  AT  is  a  major  source  for 
the  synthesis  and  secretion  of  ATX;  dysregulation  of  ATX  level/activity  is  involved  in  diet-induced  obesity, 
with  the  underlying  mechanism  remaining  contentious.  Currently,  we  focus  our  efforts  to  elucide  in  details 
the  mechanistic  features  underlying  Twist-ATX-LPARI  signaling  axis  in  the  development  of  TNBC.  We  are 
addressing  questions  including  the  function  of  Twist  in  regulation  of  ATX  and  LPAR1  expression,  the  role  of 
Twist-ATX-LPARI  axis  during  TNBC  cell-adipocyte  crosstalk  in  cells  and  in  TNBC  tumor  growth  in  vivo. 


(C)  MS402,  a  Novel  BRD4  Selective  Inhibitor  that  Controls  in  Gene  Transcription  in  Th17  cells 

Our  previous  studies  show  that  two  BrDs  in  BET  proteins  have  distinct,  context-dependent  molecular 
functions  in  transcription  in  that  the  first  BrD  (BD1)  of  BRD4  is  dedicated  to  binding  acetylated  histone  H4 
whereas  the  2nd  BrD  (BD2)  is  versatile  and  binds  acetylated  TFs  and  cyclin  T1  of  pTEFb.  Using  structure- 
based  design,  we  recently  developed  a  new  class  of  cyclic  vinylogous  amide  BrDis,  of  which  a  lead  MS402 
displays  nM  activity  against  BD1  (K,=106±10  nM)  with  8-fold  selectivity  over  BD2  (Figure  3a)  (see  details  in 
Cheung  et  al,  PNAS  2017).  This  selectivity  is  consistent  for  BrDs  of  BRD2  or  BRD3.  MS402  has  a  20-100- 
fold  selectivity  over  BrDs  of  other  sub-groups  of  the  BrD  family,  and  is  >200  times  more  potent  than 
H4K5ac/K8ac  (Figure  3a).  Given  that  pro-inflammatory  Th17  cells  have  been  implicated  in  TNBC  tumor 
development,  we  next  evaluated  MS402  in  ex  vivo  Th  cell  differentiation,  in  which  murine  primary  naive 
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CD4+  T  cells  isolated  from  mouse  spleen  and  lymph  nodes  were  treated  with  distinct  cytokines  to  promote 
Thl,  Th2,  Th17  or  Treg  cell  differentiation  over  3.5  days  with  or  without  MS402  (Figure  3b).  Strikingly, 
MS402  markedly  inhibited  Thl 7  cell  differentiation  (18.6%  to  8.0%),  as  shown  by  flow  cytometry,  and  to  a 
lesser  extent  Thl  differentiation,  and  little  effects  on  Th2  or  Treg  cell  differentiation  (Figure  3c).  Notably, 
MS417,  a  potent  pan-BET  BrDi  (K,  <10  nM)  (also  JQ1  and  I-BET762),  block  broadly  ex  vivo  differentiation  of 
mouse  primary  naive  CD4+  T 
cells  to  Thl 7,  Thl,  Th2,  and 
to  a  lesser  extent,  Treg  under 
the  same  conditions  (Figure 
3b).  MS402  selectivity  for 

Thl 7  cells  is  illustrated  by  its 
inhibition  of  transcription  of 
Thl 7  signature  genes  rorc 
and  ill 7a  in  mouse  Thl 7 
cells,  but  has  minimal  effects 
on  gata3  and  H4  in  Th2  cells, 
which  contrasts  sharply  to  the 
much  more  broad  effects  of 
pan-BET  BrDi  MS417  on 
these  Thl 7  and  Th2  signature 
genes  (Figure  3c).  MS402 
treatment  resulted  in  a 
marked  reduction  of  Brd4  and 
Cdk9  occupancy  in  Thl  7 
cells,  and  RNA  Pol-ll  Ser2 
phosphorylation  level  at  the 
Stat3  binding  sites  in  rorc  and 
ill 7a  loci,  but  has  minimal 
effects  on  genomic  occupancy 
of  Brd2  (Figure  3d),  indicating 
MS402  as  a  selective  inhibitor 
for  Brd4  over  Brd2  in  Thl 7 
cells.  We  have  initiated  a  set 
of  biological  experiments  to 
functionally  evaluate  MS402 
activity  in  blocking  TNBC  in  in 
vivo  mouse  model  study. 


Th  Cells 
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Pan-BET  BrDi 
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MS417 
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20.4% 
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15.3% 
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5.4% 
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Figure  3.  MS402  selectively  inhibits  Thl 7  cell  differentiation,  (a)  Rational  design  of 
MS402,  a  BET  BDI-specific  inhibitor.  Note  that  (i)  inhibitory  activity  K,  was  calculated  from 
IC50  of  FP  competition  data  using  a  FITC-MS417  probe  (Cheung,  PNAS  2017);  (ii)  MS402 
data  represent  three  independent  experiments,  whereas  H4K5ac/K8ac  data  were  calculated 
from  IC50  of  95%  confidence  intervals  from  sigmoidal  curve  fitting  to  triplicate  data,  (b)  Table 
summarizing  effects  of  MS402  or  MS417  on  ex  vivo  Th  cell  differentiation  derived  from 
murine  primary  naive  CD4+  T  cells  isolated  from  mouse  spleen  and  lymph  nodes.  See  text 
for  details,  (c)  Effects  of  MS402  vs.  MS417  on  mRNA  levels  of  Thl  7  and  Th2  signature  TFs 
and  cytokines  in  Thl 7  cells  differentiated  from  mouse  primary  naive  CD4+  T  cells,  (c)  ChlP- 
seq  tracks  of  Stat3  on  rorc  and  H17a  gene  loci  in  Thl 7  cells  (left)  and  ChIP-qPCR  analysis  of 
Stat3,  Brd4,  Brd2,  Polll,  PolllS2P  and  Cdk9  in  Thl 7  cells  treated  with  and  without  MS402  (3 
mM)  (right).  Note  that  (i)  statistically  significant  (*p<0.05)  results  are  annotated  as  in  c;  (ii)  all 
results  presented  here  are  representative  of  more  than  two  independent  experiments. 
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3.3.  What  opportunities  for  training  and  professional  development  has  the  project  provided? 

In  the  last  funding  period,  the  professional  development  of  both  Drs.  Ming-Ming  Zhou  and  Binhua  P.  Zhou 
was  further  strengthened  and  broaden  as  indicated  in  their  active  participation  of  breast  cancer-related 
grant  review  at  the  NCI,  DoD  and  Komen  Cancer  Foundation,  as  well  as  professional  activities  in  reviewing 
scientific  journals,  and  the  presentation  at  several  meetings  and  institutes,  as  shown  below: 

A.  Grant  Review: 

Ming-Ming  Zhou 

2014  -  Regular  Member,  NIH  -  “Macromolecular  Structure  and  Function  B”  (MSFB) 

2016  National  Science  Foundation 

2016  NIH  -  New  Innovator  Award 

2017  NIH  -  “Cancer  Drug  Development  &  Therapeutics” (CDDT) 

2017  NIH/NIAID  -  Special  Emphasis  Panel,  ZAI1  CB-A(MI)  1 
2017  Wellcome  Trust,  UK 

Binhua  P.  Zhou 

2016  Reviewer  (ad  hoc),  Susan  G.  Komen  Foundation 

2015-19  Reviewer  (standing  member),  TPM  study  section,  National  Cancer  Institute  (NCI) 

B.  Editor/Service  on  Editorial  Boards: 

Ming-Ming  Zhou 

2009  -  Editorial  Board,  Journal  of  Molecular  Cell  Biology 

2010  -  Editorial  Board,  ACS  Medicinal  Chemistry  Letters 

20 1 0  -  Faculty  of  1000 on  “Structure,  and  Transcription  and  Translation  ” 

2012  -  Editorial  Board,  Journal  of  Cancer  Immunology 

2016  Guest  Editor  (w/  Steven  Smith),  “Drug  Discovery  Today:  Technologies”,  Elsevier 

2017  Guest  Editor  (with  Evripidis  Gavathiotis),  “Current  Opinion  in  Chemical  Biology”,  Elsevier 

Binhua  P.  Zhou 

2010  -  Editorial  board  member:  Scientific  Reports,  Cancer  Hallmarks,  Journal  of  Cancer  Science  & 

Therapy,  American  Journal  of  Cancer  Biology,  International  Journal  of  Biological  Chemistry 

2011  -  Editor,  Cancer  Reports,  Pancreatic  Disorders  &  Therapy 

2015  -  Associate  Editor,  Molecular  and  Cellular  Oncology  (sections  of  Frontiers  in  Cell  and 

Developmental  Biology  and  Oncology) 

2015  -  Consulting  Editors,  JCI  Insight 

3.4.  How  were  the  results  disseminated  to  communities  of  interest? 

We  have  been  disseminating  the  results  of  our  study  to  the  research  community  through  invited  talks  at  the 
universities  and  scientific  conferences  in  the  past  12  months,  as  well  as  publications: 

A.  Presentations 
Ming-Ming  Zhou 

05/03/2016  Mayo  Clinic,  Department  of  Biochemistry  &  Molecular  Biology,  Rochester,  MN,  “From 
Epigenetic  Mechanism  to  New  Targeted  Therapy” 

06/1 1/2016  Chemical  Biology  Session  at  the  ACS  44th  Middle  Atlantic  Regional  Meeting  (MARM  2016), 
The  College  of  Mount  Saint  Vincent  in  Riverdale,  NY,  “From  Epigenetic  Structural 
Mechanism  to  Targeted  Therapy” 

11/09/2016  University  of  Wisconsin-Madison,  Cancer  Biology  Seminar  Series,  Madison,  Wl,  “From 
Epigenetic  Mechanism  to  Targeted  Therapy” 

12/22/2016  The  First  Bethune  Hospital,  Jilin  University  School  of  Medicine,  Changchun,  China,  “New 
Structural  Mechanisms  of  Epigenetic  Control  of  Gene  Transcription” 

02/16/2017  Purdue  University  Cancer  Center,  West  Lafayette,  IN,  “From  Epigenetic  Structural 
Mechanism  to  Targeted  Therapy” 
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Binhua  P.  Zhou 


04/13/2016 

06/12/2016 

11/12/2016 

02/23/2017 

03/14/2017 

04/13/2017 

04/20/2017 


Department  of  Experimental  Therapeutics,  MD  Anderson  Cancer  Center,  Houston; 
“Epithelial-mesenchymal  transition  in  Breast  Cancer  Progression  and  Metastasis” 

The  Wistar  Cancer  Institute,  Philadelphia,  PA,  “Role  and  Regulation  of  Epithelial- 
mesenchymal  transition  in  Breast  Cancer” 

Stanley  S.  Scott  Cancer  Center,  Louisiana  State  University,  New  Orleans,  LA,  “Distinct  Roles 
of  Snail  and  Twist  in  Epithelial-mesenchymal  transition” 

Department  of  Pharmacology,  University  of  California  at  San  Diego,  CA,  “Epithelial- 
mesenchymal  transition  in  Breast  Cancer  Progression  and  Metastasis” 

Departments  of  Pathology,  UT  Southwestern  Medical  Center,  Dallas,  TX,  “Distinct  Roles  of 
Snail  and  Twist  in  Breast  Cancer  Progression  and  Metastasis” 

Indiana  University  Melvin  and  Bren  Simon  Cancer  Center,  Indianapolis,  IN,  “Epithelial- 
mesenchymal  transition  in  Breast  Cancer  Progression  and  Metastasis” 

Distinguished  Scientist  Speaker,  University  of  Southern  Alabama  Mitchell  Cancer  Institute, 
Mobile,  AL,  “Role  and  Regulation  of  Epithelial-mesenchymal  transition  in  Breast  Cancer” 


B.  Publications  relevant  to  this  project 

Cheung,  K.L.,  Zhang,  F.,  Jaganathan,  A.,  Sharma,  R.,  Zhang,  Q.,  Konuma,  T.,  Shen,  T.,  Lee,  J.-Y.,  Ren, 

C. Y.,  Chen,  C.-H.,  Lu,  G.,  Olson,  M.R.,  Zhang,  W.,  Kaplan,  M.H.,  Littman,  D.R.,  Walsh,  M.J.,  Xiong,  H., 
Zeng,  L.,  &  Zhou,  M.-M.  (2017)  Distinct  Roles  of  Brd2  and  Brd4  in  Potentiating  the  Transcriptional  Program 
for  Th17  Cell  Differentiation.  Molecular  Cell,  65(6):  1068-1080.  PMID:  28262505,  PMCID:  PMC5357147. 
Epub  2017  March  3. 

Cheung,  K.L.,  Lu,  G.M.,  Sharma,  R.,  Vincek,  A.S.,  Zhang,  R.H.,  Plotnikov,  A.N.,  Zhang,  F.,  Zhang,  Q.,  Ju, 
Y.,  Hu,  Y.,  Zhao,  L.,  Han,  X.,  Meslamani,  J.,  Xu,  F.,  Jaganathan,  A.,  Shen,  T.,  Zhu,  H.,  Rusinova,  E.,  Zeng, 
L.,  Zhou,  J.C.,  Yang,  J.C.,  Peng,  L.,  Ohlmeyer,  M.,  Walsh,  M.J.,  Zhang,  D.Y.,  Xiong,  H.B.,  &  Zhou,  M.-M. 
(2017)  Selective  BET  Bromodomain  Inhibition  Blocks  Th17  Cell  Differentiation  and  Ameliorates  Colitis  in 
Mice.  PNAS.  114(11):  2952-2957.  PMID:  28265070.  Epub  2017  March  6. 


Wang  Y,  Liu  J,  Ying  X,  Lin  PC,  and  Zhou  BP*,  (2016)  Twist-mediated  Epithelial-mesenchymal  Transition 
Promotes  Breast  Tumor  Cell  Invasion  via  Inhibition  of  Hippo  Pathway.  Scientific  Reports  6:24606. 

Wu  Y,  Wang  Y,  Lin  Y,  Liu  Y,  Wang  Y,  Jia  J,  Singh  P,  Chi  Y-l,  Wang  C,  Dong  C,  Li  W,  Tao  M,  Napier  D,  Shi 
Q,  Deng  J,  Evers  BM,  and  Zhou  BP*,  (2017)  Dub3  Inhibition  Suppresses  Breast  Cancer  Invasion  and 
Metastasis  by  Promoting  Snaill  Degradation.  Nature  Communications  8:14228. 


3.5.  What  do  you  plan  to  do  during  the  next  reporting  period  to  accomplish  the  goals? 

We  are  continuing  our  efforts  in  dissecting  the  molecular  mechanism  of  gene  transcriptional  regulation  or 
mis-regulation  underlying  metastatic  breast  cancer.  Given  that  the  major  questions  remained  are  on  how 
lysine  acetylation-mediated  protein-protein  interactions  work  in  combinatorial  fashions  in  gene  transcription 
in  chromatin,  our  ongoing  efforts  focus  on  the  structural  mechanism-guided  rationally  designed  functional 
study  in  order  to  obtain  deep  functional  and  mechanistic  underpinning  of  different  transcription  factors  and 
regulatory  proteins  in  their  functions  in  control  of  gene  transcription  in  the  disease  state  and  in  response  to 
pharmacological  inhibition.  In  summary,  we  have  made  major  progress  in  the  past  12  months  (i.e.  the 
second  year  of  this  grant)  towards  addressing  most  aspects  of  the  proposed  studies  as  stated  in  the  major 
tasks  in  the  Statement  of  Work.  We  are  continuing  our  efforts  to  achieve  the  goals  of  the  remaining  aims  on 
the  investigation  of  new  therapeutic  strategy  that  targets  mis-regulation  of  oncogene  transcriptional 
activation  in  metastatic  breast  cancer. 


4.  Impact 

Triple-negative  breast  cancer  (TNBC)  is  the  most  aggressive  subtype  of  breast  cancer  that  is  associated 
with  early  metastasis  to  brain  and  lung,  poor  prognosis  and  short  survival.  About  240,000  women  were 
diagnosed  worldwide  in  2012  with  breast  cancer,  of  which  ~20-25%  are  of  TNBC.  TNBC  disproportionally 
affects  women  of  African  and  Hispanic  descent,  and  occurs  more  often  in  younger  women,  affecting  women 
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as  early  as  in  their  20s.  80%  of  breast  cancer  in  people  with  an  inherited  BRCA1  mutation  is  found  to  be 
TNBC.  TNBC  lacks  expression  of  three  receptors,  i.e.  estrogen  receptor  (ER),  progesterone  receptor  (PR) 
and  human  epidermal  growth  factor  receptor  2  (Her2/neu),  hence  its  name.  Most  available  breast  cancer 
treatments  target  these  receptors.  Unfortunately,  given  their  triple  negative  status,  TNBC  tumors  generally 
do  not  respond  to  receptor-targeted  treatments.  Depending  on  the  stage  of  its  diagnosis,  TNBC  is  very 
aggressive,  highly  metastatic,  and  much  more  likely  to  recur  than  other  breast  cancer  subtypes.  Currently, 
there  is  no  targeted  therapy  for  TNBC.  The  standard  of  care  for  TNBC  is  surgery  with  adjuvant 
chemotherapy  and  radiation  therapy,  which  is  not  effective  once  the  tumor  is  spread. 

Recent  studies  suggest  that  TNBC  is  inflammation-associated  cancer  -  its  rapid  tumor  growth  and 
metastasis  is  heavily  dependent  upon  and  fueled  by  markedly  elevated  transcriptional  activation  of  pro- 
inflammatory  cytokines  and  EMT  program.  As  such,  chemical  inhibitors  that  target  epigenetic  proteins 
whose  functions  are  required  for  over-expression  of  these  oncogenes  offer  an  exciting  opportunity  to 
develop  a  new  targeted  epigenetic  therapy  to  fight  triple-negative  breast  cancer.  Therefore,  the  funding 
provided  by  the  DoD  Breast  Cancer  Breakthrough  Award  will  greatly  accelerate  our  ongoing  efforts  to  test 
our  hypothesis,  and  validate  our  novel  lead  chemical  compounds  as  a  potentially  new  targeted  epigenetic 
therapy  to  fight  against  this  aggressive  and  devastating  disease. 


5.  Changes/Problems 

Nothing  to  Report 


6.  Products 

Nothing  to  Report 


7.  Participants  &  Other  Collaborating  Organizations 
What  individuals  have  worked  on  the  project? 

Provide  the  following  information  for:  (1)  PDs/PIs;  and  (2)  each  person  who  has  worked  at  least  one  person 
month  per  year  on  the  project  during  the  reporting  period,  regardless  of  the  source  of  compensation  (a 
person  month  equals  approximately  160  hours  of  effort).  If  information  is  unchanged  from  a  previous 
submission,  provide  the  name  only  and  indicate  "no  change. " 


Name: 

Ming-Ming  Zhou 

Project  role: 

PI 

Researcher  identifier: 

#1  at  ISMMS 

Nearest  person  months  worked: 

1 

Contribution  to  project: 

Directing  the  project 

Name: 

Adam  Vincek 

Project  role: 

Chemist 

Researcher  identifier: 

#2  at  ISMMS 

Nearest  person  months  worked: 

6 

Contribution  to  project: 

Synthesis  of  new  chemical  compounds  for  BrDs 

Name: 

Steven  Smith 

Project  role: 

Chemist 

Researcher  identifier: 

#3  at  ISMMS 

Nearest  person  months  worked: 

5 

Contribution  to  project: 

Synthesis  of  new  chemical  compounds  for  BrDs 

8 


Name: 

Rajal  Sharma 

Project  role: 

Biochemist 

Researcher  identifier: 

#4  at  ISMMS 

Nearest  person  months  worked: 

8 

Contribution  to  project: 

SAR  study  of  BET  BrD/ligand  binding 

Name: 

Chunyan  Ren 

Project  role: 

Biochemist 

Researcher  identifier: 

#5  at  ISMMS 

Nearest  person  months  worked: 

7 

Contribution  to  project: 

Characterization  of  BET  inhibitors  in  TNBC  cells 

Name: 

Jamel  Meslamani 

Project  role: 

Structural  Chemist 

Researcher  identifier: 

#6  at  ISMMS 

Nearest  person  months  worked: 

5 

Contribution  to  project: 

Structure-based  design  and  analysis  of  BRD4  BrDs 

Name: 

Binhua  P.  Zhou 

Project  role: 

PI 

Researcher  identifier: 

#1  UKSoM 

Nearest  person  months  worked: 

1 

Contribution  to  project: 

Directing  the  project 

Name: 

Yuting  Zhou 

Project  role: 

Graduate  Student 

Researcher  identifier: 

#2  UKSoM 

Nearest  person  months  worked: _ 

4 

Contribution  to  project: 

Conducted  identification  of  the  interaction  of  BRD4  with  Twist 
and  characterization  of  the  Twist-ATX-LPARI  signaling  axis  in 
TNBC  cells. 

Has  there  been  a  change  in  the  active  other  support  of  the  PD/PI(s)  or  senior/key  personnel  since 
the  last  reporting  period? 

In  the  past  12  months,  Drs.  Ming-Ming  Zhou  and  Binhua  Zhou  have  some  changes  in  their  group’s  research 
grants,  as  listed  below: 

New  Research  Support 

R01GM1 191 89-01 A1  (mPIs:  M.-M.  Zhou,  &  M.  Walsh)  07/01/2016-06/30/20210  2.0  cal.  mon. 

NIH/NIGMS  $240,000/yr,  d.c. 

“New  Epigenetic  Gene  Silencing  Technology” 

This  project  aims  to  develop  new  transcriptional  gene  silencing  technology  based  on  H3K27  methylation. 

1 R41 CA203067-01  (PI:  M.-M.  Zhou)  04/01/2016-03/31/2017  1.2  cal.  mon.  (*no  salary  support) 

NIH/NCI  $122,061/yr,  d.c. 

“Targeted  Epigenetic  Therapy  for  Triple-Negative  Breast  Cancer” 

This  project  is  to  evaluate  in  vivo  toxicity  and  efficacy  of  new  compounds  in  blocking  TNBC  tumor  growth  in 
mouse  models. 
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P20  GM121327  (MPI:  St.  Clair,  D  [contact];  Zhou,  BP)  03/01/2017-12/31/2021  3.6  cal.  mon. 

NIH/NIGMS  $2,220,230/yr 

“University  of  Kentucky  Center  for  Cancer  and  Metabolism” 

Goals:  To  strengthen  UK’s  cancer  research  enterprise  by  providing  a  thematically  focused  multidisciplinary 
infrastructure  dedicated  to  defining  the  contribution  of  metabolism  in  the  development  and  treatment  of 
cancer  and  to  use  this  novel  multidisciplinary  platform  to  develop  promising  early-stage  investigators  with 
enhanced  skills  in  an  exciting  new  area  of  cancer  research. 

Role:  Co-PI  and  Mentor 

Completed  Research  Support 

R01CA87658-1 1  (PI:  M.-M.  Zhou)  04/02/2012-02/28/2017  1.0  cal.  mon. 

NIH/NCI  $171 ,284/yr,  d.c. 

“Structure  and  Mechanism  of  Protein  Modules  in  Chromatin  Biology” 

This  project  aims  to  conduct  structural  and  biochemical  analyses  of  epigenetic  proteins  including  CBP  in 
histone-mediated  chromatin  biology. 


8.  Special  Reporting  Requirements 

N/A 


9.  Appendices 

4  papers  as  listed  in  3.4B. 


10 


Article 

Molecular  Cell 
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In  Brief 

Cheung  et  al.  uncover  both  separate  and 
interdependent  Brd2  and  Brd4  genomic 
functions  in  potentiating  the  genetic 
program  required  forTh17  cell 
development  and  adaptive  immunity. 
Brd2  interacts  with  the  transcription 
factor  Stat3  and  the  chromatin  insulator 
CTCF-cohesin  complex  to  support 
enhancer  assembly,  whereas  Brd4 
temporally  controls  RNA  polymerase  II  for 
transcription  elongation. 


Highlights 

d  Brd2  and  Brd4  have  distinct  genomic  occupancy  in  Thl  7  cells 

d  Brd2  interacts  with  the  CTCF-cohesin  complex  and  the 
Stat3-lrf4-Batf  complex 

d  Brd2-BD2  recruits  Stat3  to  chromatin  through  interaction  with 
Stat3-K87ac 

d  Brd2  and  Brd4  coordinate  functionally  to  regulate  gene 
transcription  in  chromatin 


Cheung  et  al.,  2017,  Molecular  Cell  65, 1-13 
March  2,  201 7  a  201 7  Elsevier  Inc. 

http://dx.doi.Org/1 0.1 01 6/j.molcel.201 6.1 2.022 
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SUMMARY 

The  BET  proteins  are  major  transcriptional  regulators 
and  have  emerged  as  new  drug  targets,  but  their 
functional  distinction  has  remained  elusive.  In  this 
study,  we  report  that  the  BET  family  members  Brd2 
and  Brd4  exert  distinct  genomic  functions  at  genes 
whose  transcription  they  co-regulate  during  mouse 
T  helper  17  (Thl  7)  cell  differentiation.  Brd2  is  associ¬ 
ated  with  the  chromatin  insulator  CTCF  and  the  co- 
hesin  complex  to  support  c/s-regulatory  enhancer 
assembly  for  gene  transcriptional  activation.  In  this 
context,  Brd2  binds  the  transcription  factor  Stat3  in 
an  acetylation-sensitive  manner  and  facilitates 
Stat3  recruitment  to  active  enhancers  occupied 
with  transcription  factors  Irf4  and  Batf.  In  parallel, 
Brd4  temporally  controls  RNA  polymerase  II  (Pol  II) 
processivity  during  transcription  elongation  through 
cyclin  T1  and  Cdk9  recruitment  and  Pol  II  Ser2  phos¬ 
phorylation.  Collectively,  our  study  uncovers  both 
separate  and  interdependent  Brd2  and  Brd4  func¬ 
tions  in  potentiating  the  genetic  program  required 
for  Thl  7  cell  development  and  adaptive  immunity. 


INTRODUCTION 

T  helper  (Th)  cells  such  as  Thl ,  Th2,  and  Thl  7  and  T  regulatory 
(Treg)  subsets  that  are  characterized  by  producing  signature 


cytokines  have  important  functions  in  adaptive  immunity  (Har¬ 
rington  et  al.,  2005;  Park  et  al.,  2005;  Takahama,  2006)  and 
have  been  implicated  in  inflammatory  and  autoimmune  diseases 
as  well  as  cancer  (Rubin  et  al.,  2012;  Saleh  and  Trinchieri,  201 1 ; 
Tabas  and  Glass,  201 3).  Of  these,  Thl  7  cells  produce  interleukin 
17a  (IL-17a)  and  IL-1 7f  to  protect  mucosa  from  bacterial  and 
fungal  infection  (Murphy  and  Reiner,  2002;  Wilson  et  al.,  2009) 
and  are  linked  to  inflammatory  disorders,  including  multiple  scle¬ 
rosis,  rheumatoid  arthritis,  and  inflammatory  bowel  disease 
(Dong,  2008;  Ghoreschi  et  al.,  2011;  Littman  and  Rudensky, 
2010;  Miossec  and  Kolls,  2012).  Thl  7  cell  development  from 
naive  CD4+  T  cells  is  tightly  regulated  in  gene  transcription 
(Kanno  et  al.,  2012;  Medzhitov  and  Horng,  2009)  by  Thl  7-spe¬ 
cific  orphan  nuclear  receptor  RORyT  (Ivanov  et  al.,  2006)  and 
key  transcription  factors,  including  Stat3,  Batf,  Irf4,  and  IkB^ 
(Brustle  et  al.,  2007;  Hirahara  et  al.,  2015;  Mathur  et  al.,  2007; 
Okamoto  et  al.,  2010;  Schraml  et  al.,  2009;  Yang  et  al.,  2007), 
that  work  in  concert  with  chromatin-modifying  enzymes  and 
effector  proteins  to  ensure  proper  timing,  duration,  and  ampli¬ 
tude  for  ordered  gene  transcription  during  Thl  7  cell  differentia¬ 
tion  (Ciofani  et  al.,  2012;  Yosef  et  al.,  2013). 

Among  the  chromatin  regulatory  proteins  are  a  family  of  tran¬ 
scription  regulator  proteins  (Brd2,  Brd3,  Brd4,  and  testis-specific 
Brdt)  that  consist  of  two  tandem  acetyl-lysine  binding  bromodo- 
mains  (BrDs)  followed  by  an  extra-terminal  domain  (BET) 
(Chiang,  2009;  Dhalluin  et  al.,  1999;  Sanchez  and  Zhou,  2009). 
BET  family  proteins  function  to  regulate  gene  transcription  by 
modulating  chromatin  opening,  facilitating  transcription  factor 
recruitment  to  target  gene  promoter  and  enhancer  sites,  and 
promoting  activation  of  paused  RNA  polymerase  II  (Pol  II)  tran¬ 
scriptional  machinery  for  gene  transcription  elongation  (Chiang, 
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Figure  1.  Genomic  Analysis  of  Brd2  and  Brd4  in  Th17  Cells 

(A)  ChIP-seq  analysis  revealing  Brd2  and  Brd4  genome-wide  binding  sites  in  Th17  cells.  The  Brd2  and  Brd4  peaks  are  grouped  according  to  their  location  in 
promoter,  exon,  intron,  or  intergenic  regions. 


(legend  continued  on  next  page) 
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2009;  Hargreaves  et  al.,  2009;  Hnisz  et  al.,  2013;  Kanno  et  al., 

2014).  Pharmacological  inhibition  of  the  BET  BrDs  downregu- 
lates  transcriptional  activation  of  genes  required  for  rapid  tumor 
cell  growth  (Dawson  et  al.,  2011;  Filippakopoulos  et  al.,  2010; 
Puissant  et  al.,  2013;  Zuber  et  al.,  2011)  and  also  reduces  cyto¬ 
kine  production  and  autoimmunity  in  mouse  CD4+  T  cells  (Ban- 
dukwala  et  al.,  2012;  Mele  et  al.,  2013;  Zhang  et  al.,  2012b). 

Despite  their  prominent  importance  in  biology,  key  questions 
regarding  the  separate  or  redundant  functions  of  BET  proteins 
in  the  control  of  gene  transcription  in  chromatin,  such  as  Brd2 
and  Brd4,  which  have  been  implicated  in  Thl  7  cell  differentiation 
and  Thl  7  cell-mediated  pathology  (Bandukwala  et  al.,  2012; 
Mele  et  al.,  2013),  have  not  been  addressed  mechanistically. 
The  lack  of  clear  understanding  of  functional  distinction  of  the 
BET  proteins  has  seriously  hampered  their  potential  as  viable 
epigenetic  drug  targets  for  new  disease  treatment  (Shi  and  Va- 
koc,  2014).  In  this  study,  we  sought  to  address  this  important 
problem  by  determining  the  mechanistic  role  of  Brd2  and  Brd4 
in  gene  transcription  during  formation  of  the  Thl  7  cell  population 
derived  from  murine  primary  naive  CD4+  T  cells. 

RESULTS  AND  DISCUSSION 

Genomic  Analysis  of  Brd2  and  Brd4  in  Thl 7  Cells 

To  determine  Brd2  and  Brd4  functions  in  genome-wide  regula¬ 
tion  of  gene  transcription,  we  first  performed  a  chromatin  immu- 
noprecipitation  sequencing  (ChIP-seq)  study  of  Brd2  and  Brd4  in 
Thl  7  cells  that  are  differentiated  from  murine  primary  naive  CD4+ 
T  cells  isolated  from  mouse  spleen  and  lymph  nodes  with  treat¬ 
ment  of  transforming  growth  factor  beta  (TGF-p)  plus  IL-6  over 
3.5  days.  Contrary  to  the  general  assumption  that  Brd2  and 
Brd4  are  functionally  redundant  in  gene  transcription  (Banduk¬ 
wala  et  al.,  2012;  Mele  et  al.,  2013),  our  ChIP-seq  data  revealed 
that  Brd2  and  Brd4  have  very  different  genome-wide  occupancy 
in  Thl  7  cells.  These  ChIP-seq  data  were  highly  reproducible,  as 
shown  by  principal  component  analysis  (PCA)  clustering  anal¬ 
ysis,  and  high-quality  peaks  with  quantitative  difference  were 
identified  and  analyzed  by  MAnorm  (Shao  et  al.,  201 2)  (Figure  SI , 
available  online).  In  total,  32%  of  8,626  Brd2  peaks  and  52%  of 
4,517  Brd4  peaks  detected  in  Thl  7  cells  were  located  in  the  in- 
tergenic  region  (Figure  1A;  Tables  SI  and  S2).  Brd2  demon¬ 
strated  a  greater  enrichment  in  promoters  (37%)  than  Brd4 
(9%).  Notably,  a  majority  of  Brd2  peaks  do  not  overlap  with  those 
of  Brd4  (Figure  IB),  indicating  non-redundant  genomic  func¬ 
tions.  When  Brd2  and  Brd4  peaks  are  aligned  with  the  nearest 
genes,  we  found  that  more  than  90%  of  Brd4-associated  genes 
(1 ,41 8/1 ,51 2)  were  associated  with  Brd2  (Figure  1 B),  suggesting 
that  Brd4  functions  jointly  with  Brd2  to  regulate  gene  transcrip¬ 
tion.  This  is  evident  by  co-localization  of  Brd4  and  Brd2  with  ma¬ 


jor  transcription  factor  and  transcriptional  co-activator  proteins 
such  as  Stat3,  Irf4,  Batf,  RORyt,  and  p300  in  c/'s-regulatory 
enhancer  regions  of  the  Thl  7  cell  signature  genes,  including 
1117a,  111  7f,  and  Rorc  (Ciofani  et  al.,  2012)  (Figure  1C),  confirming 
the  importance  of  Brd4  and  Brd2  in  gene  transcription  in  Thl  7 
cell  differentiation.  Indeed,  the  genes  co-occupied  by  Brd4  and 
Brd2  are  enriched  in  the  JAK-STAT  pathway  (data  not  shown). 
Remarkably,  Brd2  targets  a  large  set  of  distinct  genes  (4,004/ 
5,423)— more  than  twice  number  of  genes  that  it  co-targets 
with  Brd4  (Figure  IB).  These  results  strongly  indicate  that  Brd2 
works  together  with  Brd4  but  also  has  separate  functions  for 
gene  transcription  in  Thl  7  cells. 

To  investigate  their  distinct  functions  in  gene  transcription,  we 
evaluated  Brd2  and  Brd4  occupancy  at  the  Thl  7  genes  Il17a-f, 
Rorc,  and  1121  in  murine  primary  naive  CD4+  T  cells  during 
Thl  7  cell  differentiation.  We  observed  that  as  demonstrated  by 
ChIP-qPCR,  Brd2  binding  at  the  known  enhancer  sites  along 
with  Stat3  and  Pol  II  in  these  gene  loci  (Ciofani  et  al.,  2012)  ap¬ 
peared  to  plateau  after  24  hr  of  differentiation,  whereas  Brd4, 
together  with  lysine-acetylated  H4  and  Pol  II  phosphorylation 
at  Ser2,  continued  to  increase,  correlating  with  the  timing  and 
extent  of  its  target  gene  expression  (Figure  ID).  This  difference 
is  particularly  obvious  for  late-stage  Thl  7-specific  genes,  such 
as  1117a,  whose  transcription  starts  ~24  hr  after  the  initiation  of 
Thl  7  cell  differentiation,  as  compared  to  early  expressing  genes, 
such  as  Rorc  and  1121  (Figure  1 E).  These  results  suggested  that 
the  kinetics  of  Brd2  and  Brd4  recruitment  to  their  target  gene 
enhancer  sites  is  different  and  that  Brd4  occupancy  is  likely 
temporally  coupled  to  the  transcriptional  activation  of  these 
signature  genes  in  Thl  7  cell  differentiation. 

Brd2,  but  Not  Brd4,  Is  Associated  with  the  CTCF- 
Cohesin  Complex  in  Thl  7  Cells 

A  consensus  binding  sequence  analysis  using  the  Homer  pro¬ 
gram  revealed  that  a  major  binding  motif  of  Brd2  matches  that 
of  the  chromatin  architectural  barrier  protein  CTCF,  whereas 
Brd4  binding  motifs  include  ETS  (TTCCT),  ATF3  (TGAnTCA), 
Stat3  (TTCCnGGAA),  and  p65  (GGGGnnnCCCC)  (Figure  2A). 
Indeed,  Brd2  is  distinct  from  Brd4  in  its  co-localization  with 
CTCF,  with  ~3-fold  more  peaks  and  higher  intensity  (Figure  2B), 
and  conversely,  Brd4  displays  higher  intensity  with  Stat3  than 
Brd2  (Figure  S2A),  as  illustrated  at  1117a,  Rorc,  119,  and  Il12rb1 
(Figures  2C  and  S2B).  Our  ChIP-seq  data  of  the  key  cohesin  pro¬ 
teins  Nipbl,  Smcl ,  and  Smc3  confirmed  Brd2  co-localization  with 
the  CTCF-cohesin  complex  in  Thl  7  cells  (Figures  2C,  S2B,  and 
S2C).  Immunoprecipitation  results  verified  Brd2’s  association 
with  CTCF  as  well  as  the  cohesin  subunits  Nipbl,  Rad21,  and 
Stagl  (Figure  2D);  such  interactions  were  almost  absent  for 
Brd4,  although  a  very  weak  interaction  was  observed  for  Rad21 . 


(B)  Venn  diagrams  showing  the  number  of  overlapping  peaks  of  Brd2  and  Brd4  (left)  and  genes  co-bound  by  Brd2  and  Brd4  (right)  in  Thl  7  cells. 

(C)  ChIP-seq  tracks  of  Brd2,  Brd4,  and  transcription  factors  revealing  co-localization  on  1117  and  Rorc  gene  loci  in  Thl  7  cells. 

(D)  Brd2,  Stat3,  Polll,  Brd4,  H4Ac,  and  Polll-S2P  occupancy  at  1117a,  Il17f,  Rorc,  and  1121  gene  loci  after  24  and  48  hr  of  Thl 7  cell  differentiation  from  murine 
primary  naive  CD4+  T  cells  isolated  from  mouse  spleen  and  lymph  nodes,  as  determined  by  ChIP-qPCR.  The  primer  target  site  is  indicated  as  Stat3-bs1  in  (C). 
Data  are  presented  as  mean  ±  SEM  of  n  =  3.  *p  <  0.05. 

(E)  mRNA  expression  levels  of  1117a,  Rorc,  and  1121  during  72-hr  lineage-specific  differentiation  of  murine  Thl  7  cells  as  described  in  (D),  normalized  to  their 
corresponding  expression  levels  in  mouse  primary  naive  CD4+  T  cells. 

See  also  Figure  SI  and  Tables  SI  and  S2. 
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The  CTCF-cohesin  complex  is  known  to  have  enhancer-block¬ 
ing  or  insulator  activity  at  c/'s-regulatory  elements,  where  they 
work  with  transcription  factors  to  establish  chromatin-looping 
interaction  between  gene  promoters  and  enhancers  to  regulate 
gene  transcription  (Bell  et  al.,  1 999;  Dorsett  and  Merkenschlager, 
2013;  Kagey  et  al.,  2010;  Merkenschlager  and  Odom,  2013). 
Indeed,  our  ChIP  analysis  confirmed  that  Brd2,  Nipbl,  Smcl, 
and  Smc3  are  co-present  at  the  CTCF  and  Stat3  binding  sites 
in  111  7a  and  Rorc  gene  loci  in  Thl  7  cells  (Figure  S2D).  Brd2’s  as¬ 
sociation  with  cohesin  components  was  further  confirmed  by 
their  co-occupancy  at  the  CTCF  and  Stat3  binding  sites  in  1117a 
and  Rorc  gene  loci  24  and  48  hr  after  Thl  7  cell  differentiation, 
as  shown  by  ChIP  analysis  (Figure  2E).  These  results  also  re¬ 
vealed  that  Brd4  has  a  minimal  presence  at  the  CTCF  binding 
sites  but  a  major  presence  along  with  Brd2  and  Nipbl  at  the 
Stat3  binding  and  enhancer  sites.  Notably,  Brd2  occupancy  at 
the  CTCF  sites  and  Brd4  at  the  enhancer  sites  increases  as  target 
gene  expression  increases  in  Thl  7  cell  differentiation,  indicative 
of  dynamic  and  coordinated  interactions  between  the  CTCF-co¬ 
hesin  and  the  Stat3-enhancer  complexes.  Finally,  Stat3  and  the 
Thl  7  factor  Irf4  interact  with  the  cohesin  components  Nipbl, 
Smcl,  Smc3,  Rad21,  and  Stagl,  as  supported  by  immunopre- 
cipitation  of  Stat3  or  Irf4  (Figure  2F).  Taken  together,  these  results 
show  that  Brd2  is  associated  with  the  CTCF-cohesin  complex  in 
chromatin,  possibly  facilitating  the  assembly  of  c/'s-regulatory  en¬ 
hancers  that  include  the  transcription  factors  Stat3  and  Irf4  that 
are  necessary  for  gene  transcription  in  Thl  7  cells. 

To  further  evaluate  differences  in  their  genomic  association 
with  the  CTCF-cohesion  complex,  we  clustered  Brd2  and  Brd4 
peaks  ±1 .5  kb  from  the  center  of  Smcl  peaks  in  four  groups: 
high  in  both  Brd2  and  Brd4  signals  (a),  high  in  Brd2  or  Brd4 
signals  only  (b  and  c),  and  low  in  both  Brd2  and  Brd4  signals 
(d)  (Figure  3A).  Given  the  enrichment  of  Brd2  and  Brd4  signals 
is  statistically  significant  over  the  background  signals  (Figure  3B), 
the  difference  in  Brd2  and  Brd4  peak  intensity  is  likely  not  due  to 
an  affinity  difference  between  their  antibodies.  Notably,  Brd2- 
Brd4  co-bound  genes  exhibit  the  highest  expression  levels, 
while  Brd2-only  bound  genes  show  modestly  higher  expression 
than  genes  without  Brd2-Brd4  binding  (Figure  3C).  Clustering  of 
Stat3  and  enhancer  marks  such  as  H3K27Ac  and  H3K4me1 
further  revealed  that  Brd2-Brd4  co-bound  peaks  are  enriched 
with  Stat3  and  even  more  enriched  with  H3K27Ac  and 
H3K4me1  signals,  confirming  enhancer  features  (Figures  3D- 
3F).  Similarly,  peaks  bound  only  by  Brd2  are  also  enriched  with 
Stat3,  H3K27Ac,  and  PI3K4me1 ,  correlating  with  the  modest  in¬ 


crease  in  gene  expression  compared  to  genes  without  Brd2- 
Brd4  binding.  As  an  example,  the  differential  binding  of  Brd2 
and  Brd4  in  relationship  to  the  enhancer  features  is  illustrated 
with  the  ChIP-seq  tracks  lor  1121  and  Rock2,  two  important  genes 
in  Thl  7  cell  differentiation  (Figure  3G).  Further,  the  functional  dif¬ 
ferences  of  Brd2  and  Brd4  in  gene  transcription  are  also  re¬ 
flected  by  differences  in  sensitivity  of  their  genomic  occupancy 
to  chemical  inhibition  BET  BrD  and  acetyl-lysine  binding,  illus¬ 
trated  at  the  1117a  and  111  7f  gene  loci  (Figures  S3A-S3C).  Collec¬ 
tively,  these  data  indicate  that  Brd4  binding  is  required  for 
substantial  enhancement  of  gene  expression  in  Thl  7  cells  and 
that  Brd2  alone  also  can  confer  transcriptional  activity  to  genes. 

Brd2’s  Interaction  with  Endogenous  Stat3  Is  Dependent 
upon  Lysine  Acetylation  by  p300 

We  next  examined  and  confirmed  interaction  of  Brd2,  but  not 
Brd4,  with  Stat3  by  immunoprecipitation  of  endogenous  Stat3 
in  Thl  7  cell  lysates  (Figure  4A).  Stat3’s  association  with  Brd2, 
Irf4,  and  p300  is  dependent  on  acetylation,  which  was  increased 
in  Thl  7  cells  pre-treated  with  trichostatin  A  (TSA),  a  histone  de- 
acetylase  inhibitor  (Figure  4A).  Reciprocal  immunoprecipitation 
of  Brd2  or  Brd4  validated  these  interactions  (Figure  4B).  We 
also  observed  an  interaction  (albeit  weak)  between  Brd2  and 
Brd4  (Figure  4B).  The  acetylation-dependent  Stat3-Brd2  interac¬ 
tion  is  mostly  DNA  independent,  as  we  detected  only  a  slight 
decrease  in  interaction  following  ethidium  bromide  (EtBr)  treat¬ 
ment  (Figure  4C).  The  Stat3-Brd2  interaction  is  mediated  by 
BrD  and  acetyl-lysine  binding,  as  it  is  susceptible  to  disruption 
by  MS417,  a  potent  BET  BrD  inhibitor  (Zhang  et  al.,  2012a)  (Fig¬ 
ure  4D).  Finally,  co-transfection  revealed  that  the  Stat3-Brd2 
interaction  is  dependent  on  Stat3  acetylation  by  p300  and  that 
both  BrDs  (BD1  and  BD2)  of  Brd2  are  required  and  sufficient 
for  the  Stat3-Brd2  interaction,  as  acetyl-lysine-binding-deficient 
mutations  of  either  BD1  or  BD2  in  Brd2  (Y1 54F  or  Y427F,  respec¬ 
tively)  abolished  its  association  with  Stat3  (Figure  4E). 

We  confirmed  that  Brd2  interacts  with  p300  and  the  Stat3-lrf4- 
Batf  complex,  whereas  Brd4  interacts  with  Pol  II  and  Cdk9 
strongly  but  lacks  direct  interactions  with  Stat3,  Irf4,  or  Batf  (Fig¬ 
ure  4F).  Like  Brd4,  Brd2  also  interacts  with  Pol  II  and  to  a  lesser 
extent  with  Cdk9  in  this  context.  These  results  suggest  that  Brd2 
functions  together  with  the  CTCF/cohesin  chromatin  organizers 
to  anchor  the  Stat3-Pol  II  complex  at  c/'s-regulatory  enhancer  re¬ 
gions  occupied  by  p300,  Irf4,  and  Batf.  This  model  is  supported 
by  strong  signals  of  the  transcriptional  activation  marks 
H3K27ac,  H3K4me1 ,  and  H3K4me3,  but  weak  signals  of  the 


Figure  2.  Brd2,  but  Not  Brd4,  Is  Associated  with  the  CTCF-Cohesin  Complex  in  Thl 7  Cells 

(A)  DNA  binding  motifs  identified  for  Brd2  and  Brd4  with  their  ChIP-seq  data  from  Thl  7  cells. 

(B)  Venn  diagrams  showing  the  number  of  overlapping  peaks  of  Brd2,  Brd4,  and  CTCF  (left)  and  normalized  Brd2  and  Brd4  ChIP  signals  centered  on  CTCF  peak 
regions  (right). 

(C)  ChIP-seq  tracks  of  CTCF,  Nipbl,  Smcl ,  Smc3,  Brd2,  Brd4,  and  Stat3  on  1117a  and  Rorc  gene  loci  in  Thl  7  cells.  The  ChIP-seq  data  for  CTCF  and  Stat3  were 
reported  previously  (Ciofani  et  al.,  2012),  whereas  the  others  were  generated  in  this  study. 

(D)  Immunoprecipitation  of  Brd2  and  Brd4  and  immunoblotting  with  various  specific  antibodies  to  assess  Brd2  or  Brd4  interactions  with  CTCF  and  cohesin 
components  (Nipbl,  Rad21,  and  Stagl)  in  Thl 7  cells  differentiated  for  48  hr. 

(E)  Occupancy  of  Brd2,  Brd4  and  cohesin  components  (Nipbl,  Smcl,  and  Smc3)  at  the  CTCF  and  Stat3  binding  sites  in  1117a  and  Rorc  gene  loci  in  Thl 7  cells 
differentiated  for  24  and  48  hr,  as  determined  by  ChIP.  Data  are  presented  as  mean  ±  SEM  of  n  =  3.  The  primer  target  sites  are  indicated  in  (C). 

(F)  Immunoprecipitation  of  Stat3  and  Irf4  and  immunoblotting  with  specific  antibodies  to  examine  Stat3  and  Irf4  interactions  with  cohesin  components  (Nipbl, 
Smcl,  Smc3,  Rad21,  and  Stagl)  in  Thl 7  cells. 

See  also  Figure  S2. 
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Figure  3.  Brd2-Brd4  Co-bound  Genes  Mark  Super-enhancers  with  the  Highest  Transcriptional  Expression  Levels  in  Th17  Cells 

(A)  Heatmap  for  ChIP-seq  signals  of  Brd2  and  Brd4  marked  by  the  indicated  antibodies  ±1 .5  kb  from  the  center  of  Smcl  peaks. 

(B)  Boxplots  of  normalized  counts  of  Brd2  and  Brd4  signals  illustrated  at  the  four  clusters  of  peaks. 

(C)  Boxplot  indicating  transcriptional  expression  levels  of  genes  associated  with  the  clustered  peaks  in  Th17  cells. 

(D)  Heatmap  of  ChIP-seq  signals  of  Stat3  located  ±1 .5  kb  from  the  center  of  Smcl  peaks  (left),  and  boxplots  of  normalized  counts  of  these  signals  at  the  four 
clusters  of  peaks  (right). 

(E)  Heatmap  of  ChIP-seq  signals  of  H3K27Ac  located  ±1 .5  kb  from  the  center  of  Smcl  peaks  (left),  and  boxplots  of  normalized  counts  of  these  signals  at  the  four 
clusters  of  peaks  (right). 

(F)  Heatmap  of  ChIP-seq  signals  of  H3K4me1  located  ±1 .5  kb  from  the  center  of  Smcl  peaks  (left),  and  boxplots  of  normalized  counts  of  these  signals  at  the  four 
clusters  of  peaks  (right). 

(G)  ChIP-seq  tracks  representing  examples  of  Brd2-Brd4  co-bound  genes  (such  as  1121)  and  Brd2-only  bound  genes  (such  as  Rock2). 

See  also  Figure  S3. 

transcriptional  repression  mark  H3K27me3  at  the  CTCF  and  on  Irf4  binding  sites.  Almost  80%  of  Stat3  peaks  (3,122/4,007) 
Stat3  binding  sites  in  the  1117a  and  Rorc  gene  loci  (Figure  S2E).  are  co-localized  with  Irf4  peaks,  bound  or  unbound  by  Brd2  (Fig- 
ChlP-seq  analysis  suggested  that  Brd2  facilitates  Stat3  binding  ure  4G).  Genomic  analysis  of  the  Irf4-Stat3  co-bound  peaks 
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Figure  4.  Brd2’s  Interaction  with  Endogenous  Stat3  Is  Dependent  upon  Its  Acetylation  by  p300 

(A)  Immunoprecipitation  of  Stat3  and  immunoblotting  with  specific  antibodies  to  assess  Stat3’s  interactions  with  Brd2,  Brd4,  Irf4,  or  p300  in  Th17  cell  lysates 
treated  with  or  without  TSA. 

(B)  Immunoprecipitation  of  Brd2  or  Brd4  and  immunoblotting  with  specific  antibodies  to  examine  the  interactions  of  Brd2  or  Brd4  with  Stat3,  p300,  or  Irf4  in  Thl  7 
cell  lysates  treated  with  TSA. 

(C)  Thl  7  cells  lysates  treated  with  TSA  immunoprecipitated  with  Stat3  and  then  treated  with  or  without  ethidium  bromide  (EtBr)  followed  by  western  blot  with 
antibodies  against  Brd2  and  Stat3. 

(D)  Dose-dependent  effects  of  BET  BrD  inhibition  by  MS417  on  the  Brd2-Stat3  association  in  Thl  7  cell  lysates  treated  with  TSA,  as  assessed  when  immuno¬ 
precipitated  with  Stat3,  and  then  treated  with  MS417,  followed  by  western  blot  with  antibodies  against  Brd2  and  Stat3. 

(E)  Assessing  the  role  of  lysine  acetylation  in  the  Brd2-Stat3  association.  Left:  schematic  representations  of  various  Brd2  plasmids  used  in  the  study.  Middle: 
HEK293  cells  overexpressed  with  FLAG-Stat3,  GFP-Brd2,  and  myc-p300  were  lysed  and  immunoprecipitated  with  antibody  against  FLAG  to  detect  Brd2-Stat3 
interactions  with  or  without  p300.  Right:  FIEK293  cells  overexpressed  with  FLAG-Stat3,  GFP-Brd2-BD,  and  GFP-Brd2-BDMut1+2  were  lysed  and  immuno¬ 
precipitated.  The  acetyl-lysine-binding-deficient  mutations  in  BD1  and  BD2  of  Brd2  are  Y154F  and  Y427F,  respectively. 

(legend  continued  on  next  page) 
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Figure  5.  Structural  Analysis  of  the  Brd2-Stat3  Interaction 

(A)  2D  15N-HSQC  spectra  of  Brd2-BD1  or  BD2  illustrating  changes  of  the  protein  backbone  amide  resonances  in  the  free  form  (black)  and  in  the  presence  of  Stat3- 
K87ac  peptide  (red).  Top:  the  three  main  lysine  acetylation  sites  (K49ac,  K87ac,  and  K685ac)  in  Stat3  are  indicated  in  the  protein  domain  organization  diagram. 

(B)  3D  NMR  structure  of  Brd2-BD2  bound  to  Stat3-K87ac  peptide  (yellow),  illustrating  Stat3-K87ac  recognition  by  the  key  residues  at  the  acetyl-lysine  binding 
pocket  as  indicated  in  green.  Bottom:  electrostatic  potential  representation  of  the  protein  depicts  the  acetyl-lysine  binding  pocket  for  Stat3-K87ac  recognition. 

(C)  Assessing  the  site-specific  lysine  acetylation  in  the  Stat3-Brd2  association.  Immunoprecipitation  of  FLAG-tagged  wild-type  Stat3  or  point  mutants  of  the  three 
known  lysine  acetylation  sites  in  HEK293  cells  co-transfected  with  myc-300,  as  well  as  immunoblotting  with  specific  antibodies  to  examine  Brd2’s  interactions 
with  Stat3. 

See  also  Figure  S5  and  Table  S3. 


revealed  that  Irf4  binding  is  independent  of  Brd2,  while  Stat3 
binding  on  Irf4  sites  decreases  in  the  absence  of  Brd2  (Fig¬ 
ure  4H).  Finally,  BrD-acetylated  lysine  binding  is  key  to  enhancer 
assembly  leading  to  transcriptional  activation,  as  the  Brd2- 
Stat3-cohesin  (Smcl  and  Smc3)  association  is  sensitive  to  BrD 
inhibition  by  MS417  (Figure  41).  However,  blocking  of  transcrip¬ 
tional  elongation  or  processivity  by  small-molecule  inhibitors 
for  Cdk9  of  pTEFb  or  RNA  Pol  II  does  not  affect  either  Brd2  or 
Brd4  genomic  occupancy  at  their  target  gene  loci,  as  illustrated 
by  ChIP-qPCR  for  1117a,  Il17f,  and  Rorc  (Figures  S4A-S4C). 


Structural  Basis  of  Brd2-Stat3  Recognition 

To  determine  the  molecular  basis  of  lysine-acetylation-depen- 
dent  Brd2  binding  to  Stat3,  we  performed  a  nuclear  magnetic 
resonance  (NMR)  binding  study  of  15N-labeled  Brd2  BD1  or 
BD2  with  Stat3  peptides  derived  from  three  known  lysine  acety¬ 
lation  sites  (Hou  et  al.,  2008;  Yu  et  al.,  2014;  Yuan  et  al.,  2005): 
K49ac  (AYAAS-Kac-ESHAT,  residues  44-54),  K87ac  (HNLLRI- 
Kac-QFLQS,  residues  71-82),  and  K685ac  (PKEEAFG-Kac- 
YCPE,  residues  678-690)  (Figure  5A).  Our  detailed  NMR  15N  het- 
eronuclear  single  quantum  correlation  (HSQC)  spectral  analysis 


(F)  Immunoprecipitation  of  Brd2  or  Brd4  in  Th17  cell  lysates  and  immunoblotting  with  specific  antibodies  to  assess  their  interactions  with  p300,  Stat3,  Irf4,  Batf, 
Polll,  or  Cdk9. 

(G)  Venn  diagrams  showing  the  number  of  overlapping  peaks  of  Brd2,  Stat3,  and  Irf4  identified  from  ChIP-seq  datasets  collected  in  Th17  cells. 

(H)  Normalized  Irf4  and  Stat3  ChIP-signal  centered  around  Irf4-Stat3  co-bound  peak  regions  stratified  by  the  presence  of  Brd2. 

(I)  Assessing  effects  of  BET  BrD  inhibition  by  MS417  on  Brd2-cohesin-Stat3  association,  as  determined  by  immunoprecipitation  of  Brd2  from  Th17  cell  lysates 
and  immunoblotting  with  specific  antibodies  to  Smcl ,  Smc3,  and  Stat3  with  or  without  MS417  treatment. 

See  also  Figure  S4. 
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Figure  6.  Brd2  and  Brd4  Functionally  Cooperate  to  Regulate  Gene  Transcription  in  Th17  Cells 

(A)  mRNA  expression  levels  of  Brd2,  Brd4,  111  7a,  111  7f,  Rorc,  and  1121  determined  in  mouse  CD4+  T  cells  transfected  with  siControl,  siBrd2,  or  siBrd4  RNA  and  after 
24  or  48  hr  of  Thl  7  cell  differentiation.  All  results  are  statistically  significant  (p  <  0.05),  and  data  represent  mean  ±  SEM  of  more  than  two  independent  experiments. 


(legend  continued  on  next  page) 
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revealed  that  Brd2  BD2  binding  to  Stat3-K87ac  peptide  is  likely 
to  be  the  major  molecular  interaction  for  the  Brd2-Stat3  associ¬ 
ation,  as  other  pairwise  protein-peptide  titration  showed  little  if 
any  chemical  shift  perturbations  of  protein  NMR  resonances 
upon  addition  of  the  individual  Stat3  peptides  (Figure  5A 
and  S5A). 

We  next  solved  the  three-dimensional  solution  structure  of 
Brd2-BD2  bound  to  the  Stat3-K87ac  peptide  by  using  NMR 
spectroscopy  (Figure  S5B;  Table  S3)  to  discern  the  molecular 
basis  of  this  selective  interaction.  As  shown  in  the  structure  of 
the  Brd2-BD2/Stat3-K87ac  complex  (Figure  5B),  the  Stat3  pep¬ 
tide  is  bound  in  the  protein  across  an  elongated  cavity  formed 
between  the  ZA  and  BC  loops  of  this  left-handed  four-helical 
bundle  structure,  similar  to  a  lysine-acetylated  histone  H4  pep¬ 
tide  when  bound  to  Brd2-BD2  (Figure  S5C).  Specifically,  the 
acetylated  K87  forms  a  hydrogen  bond  between  its  carbonyl 
oxygen  and  side-chain  nitrogen  of  the  conserved  Asn429.  In 
addition,  F89  of  Stat3  forms  aromatic  and  hydrophobic  interac¬ 
tions  with  side  chains  of  Val435,  Met438,  and  Trp370,  while  186 
interacts  with  Pro430  and  His433.  Importantly,  the  backbone 
carbonyl  oxygen  of  K87ac  establishes  a  hydrogen  bond  to  the 
imidazole  nitrogen  of  His433,  a  unique  residue  in  the  conserved 
acetyl-lysine  binding  pocket  in  Brd2-BD2,  corresponding  to 
Asp160  in  Brd2-BD1.  Notably,  the  amino  acid  residues  at  the 
Kac-1  and  Kac+2  positions  of  the  K49ac  and  K685ac  sites  in 
Stat3  are  very  different  from  those  found  at  the  K87ac  site 
(see  above)  and  likely  cannot  form  the  same  interactions  of 
Stat3-K87ac  with  Brd2-BD2.  We  further  evaluated  and 
confirmed  the  Brd2-BD2/Stat3-K87ac  interaction  by  immuno- 
precipitation  of  FLAG-tagged  wild-type  Stat3  or  point  mutants 
of  K49R,  K87R,  or  K685R  in  FIEK293  cells  that  were  co-trans- 
fected  with  GFP-Brd2  and  myc-300  (Figure  5C).  Collectively, 
our  results  clearly  demonstrated  that  direct  interactions  of  186 
(Kac-1)  and  F89  (Kac+2)  with  the  Brd2-BD2  conforms  its  selec¬ 
tive  recognition  of  the  K87ac  site  over  the  other  acetylation  sites 
in  Stat3. 

Brd2  and  Brd4  Functionally  Cooperate  to  Regulate  Gene 
Transcription  in  Th17  Cells 

We  further  investigated  the  role  of  the  distinct  functions  of 
Brd2  and  Brd4  in  Th17  cells  by  small  interfering  RNA  (siRNA) 
knockdown  of  Brd2  or  Brd4  (with  >50%  efficiency),  which  re¬ 
sulted  in  an  inhibition  of  Th17  cell  differentiation  (Figure  S6A) 
and  a  marked  decrease  in  mRNA  levels  of  HI 7a,  U17f ,  1121, 
and  Rorc  in  Thl  7  cells  after  48-hr  cell  differentiation  (Figure  6A). 
Brd2  knockdown  resulted  in  decreased  interactions  of  Pol  II 
with  Stat3  and  Irf4  (Figure  6B)  and  Stat3  with  Pol  II  and  Irf4 
(Figure  6C),  supporting  our  notion  that  Brd2  is  important  for 
the  Pol  Il-Stat3-Irf4  association.  Brd4  knockdown  led  to 
reduced  Pol  Il-Cdk9  interaction  and  Pol  II  phosphorylation  at 


Ser2,  with  minimal  disruption  of  the  Pol  ll’s  interactions  with 
the  transcription  factors  Stat3  and  Irf4  (Figure  6B).  Further, 
disruption  of  the  Brd2-CTCF-cohesin  association  by  Brd2  or 
Nipbl  knockdown  resulted  in  reduced  interactions  of  Brd2 
with  Nipbl,  as  well  as  Stat3  with  Brd2  and  Irf4,  respectively 
(Figure  6D).  siRNA  knockdown  of  Nibpl,  Smcl,  or  Smc3  re¬ 
sulted  in  a  markedly  reduced  transcript  level  of  1117a  in  Thl  7 
cells  (Figure  S6B). 

To  determine  possible  functional  cooperativity  between  Brd2 
and  Brd4  in  transcription,  we  analyzed  by  ChIP-qPCR  the  oc¬ 
cupancy  of  Brd2,  Brd4,  Stat3,  Irf4,  p300,  Medl,  Pol  II,  and 
Pol  II-S2P  at  the  key  Thl  7  gene  loci  in  Thl  7  cells  after  siRNA 
knockdown  of  Brd2  or  Brd4.  We  observed  that  selective  Brd4 
deficiency  has  almost  no  effect  on  the  abundance  of  Brd2  at 
the  regulatory  regions  of  these  gene  loci,  or  vice  versa,  indi¬ 
cating  their  independent  mechanism  of  binding  to  target  gene 
loci  (Figure  6E).  Notably,  Stat3  binding  at  these  gene  loci  is 
dependent  on  Brd2  abundance  but  is  almost  independent  of 
Brd4  (Figure  6E),  confirming  a  mutual  stabilization  of  the 
Stat3-Brd2  complex  on  target  genes  during  Thl  7  differentia¬ 
tion.  Pol  II  binding  is  also  dependent  on  Brd2,  but  not  Brd4, 
which  could  be  explained  by  reduced  interaction  of  Pol  II  and 
Stat3  in  the  absence  of  Brd2.  Pol  II  transcription  factor  recruit¬ 
ment  to  the  regulatory  region  is  independent  of  Brd4,  but  Brd4 
is  important  for  Pol  II  Ser2  phosphorylation  and  hence  its  acti¬ 
vation.  We  observed  a  stable  complex  of  Stat3,  Brd2,  p300, 
and  Irf4  upon  TSA  treatment  (Figure  4A),  raising  the  question 
of  whether  the  absence  of  Brd2  leads  to  reduced  occupancy 
of  p300  and  Irf4  as  well.  Indeed,  our  ChIP-qPCR  data  revealed 
that  while  Irf4  occupancy  decreased  noticeably,  p300  occu¬ 
pancy  decreased  dramatically  upon  Brd2  knockdown.  Taken 
together,  our  data  suggest  that  Brd2  functions  as  a  chromatin 
organizer  to  facilitate  the  assembly  of  enhancer  regulatory  ele¬ 
ments  and  support  transcription  elongation,  whereas  Brd4 
functions  largely  to  activate  paused  RNA  Pol  II  through  phos¬ 
phorylation,  thereby  sustaining  productive  gene  transcriptional 
activation. 

In  summary,  in  this  study,  we  report  the  previously  unknown 
distinct  functions  of  Brd2  and  Brd4  in  regulating  gene  transcrip¬ 
tion  during  Thl  7  cell  differentiation.  We  discovered  that 
although  both  Brd2  and  Brd4  are  important  for  transcription 
of  Thl  7  genes,  their  mechanisms  of  binding  to  chromatin  and 
functions  in  regulating  gene  transcriptional  activation  clearly 
differ  (Figure  7).  Specifically,  Brd2  likely  functions  through  the 
CTCF-cohesin  complex  (Bell  et  al.,  1999;  Dorsett  and  Mer- 
kenschlager,  2013;  Hnisz  et  al.,  2013;  Merkenschlager  and 
Odom,  2013)  to  sustain  protein-complex  interactions  on  c/'s- 
regulatory  enhancer  elements  of  target  genes.  Specifically, 
Brd2  directly  binds  to  lysine  87-acetylated  Stat3  via  its  second 
bromodomain,  facilitates  Stat3’s  association  with  other  Thl  7 


(B)  Thl  7  cell  lysates  transfected  with  siControl,  siBrd2,  or  siBrd4  RNA  immunoprecipitated  with  Pol  II  and  western  blot  with  antibodies  against  Irf4,  Stat3,  Polll- 
S2P,  and  Cdk9. 

(C)  Thl  7  cell  lysates  transfected  with  siControl,  siBrd2,  or  siBrd4  RNA  immunoprecipitated  with  Stat3  and  western  blot  with  antibodies  against  Polll  and  Irf4. 

(D)  Thl  7  cell  lysates  transfected  with  siControl,  siBrd2  (left),  or  siNipbl  (right)  RNA  immunoprecipitated  with  Stat3  and  western  blot  with  antibodies  against  Nipbl, 
Brd2,  Stat3,  and  Irf4. 

(E)  Brd2,  Brd4,  Stat3,  Polll,  Polll-S2P,  Irf4,  MED1  and  p300  occupancy  at  gene  loci  of  IL17a,  IL21  and  Rorc  in  Thl  7  cell  lysates  transfected  with  siControl,  siBrd2or 
siBrd4  RNA,  as  determined  by  ChIP-qPCR.  Data  are  represented  as  mean  ±  SEM  of  n  =  3. 

See  also  Figure  S6. 
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Figure  7.  Distinct  Roles  of  Brd2  and  Brd4  in  Potentiating  the  Gene  Transcriptional  Program  for  Th17  Cell  Differentiation 

Schematic  diagram  illustrating  how  Brd2  and  Brd4  functionally  cooperate  with  each  other  to  regulate  gene  transcription  in  chromatin  in  Th17  cells. 


factors  (including  Irf4  and  Batf),  and  enhances  the  recruitment 
of  RNA  Pol  II.  In  contrast,  Brd4  binding  to  target  gene  loci 
such  as  1117  is  temporally  correlated  with  transcriptional  elon¬ 
gation,  suggesting  a  role  for  Brd4  in  the  control  of  the  timing 
and  amplitude  of  ordered  gene  transcription  during  Th17  cell 
differentiation.  Therefore,  the  ability  of  Brd4  to  trigger  RNA 
Pol  II  transcription  elongation  for  productive  Th17  gene  expres¬ 
sion  is  a  result  of  integration  of  enhancer  assembly  arranged  by 
the  Brd2-CTCF-cohesin  complex  and  coordinated  through 
Th17-inducing  transcription  factors  (such  as  Stat3  and  RORyt) 
and  key  chromatin  regulatory  proteins.  Finally,  through  our 
demonstration  of  the  distinct  functions  of  Brd2  and  Brd4  in 
gene  transcription  exerted  through  their  bromodomain-acetyl- 
lysine-binding-mediated  interactions  with  transcription  factors 
and  regulators,  our  study  provides  a  rational  direction  for  pre¬ 
cise  chemical  modulation  of  Brd2  and/or  Brd4  functions  to 
render  Th17  cell  development  as  a  new  potential  treatment 
for  inflammatory  disorders. 
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Th17  primary  cells 
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siGENOME  SMART  Pool  Mouse  Smcl 
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siGENOME  SMART  Pool  Mouse  Smc3 
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Primers  for  qPCR,  ChIP-qPCR 

This  paper 

Table  S4 

Software  and  Algorithms 


MAnorm 
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N/A 

Phantompeakqualtools 

Marinov  et  al.,  2014 
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DiffBind  Bioconductor  package 

Stark  and  Brown,  201 1 

N/A 

X-PLOR 

Brunger  et  al.,  1998 

N/A 

ARIA 

Nilges  and  O’Donoghue,  1998 
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N/A 

FlowJo 
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https://www.flowjo.com/solutions/flowjo/ 

downloads 
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Further  information  and  requests  for  reagents  may  be  directed  to,  and  will  be  fulfilled  by  the  corresponding  author,  Dr.  Ming -Ming 
Zhou  (ming-ming.zhou@mssm.edu). 

EXPERIMENTAL  MODEL  AND  SUBJECT  DETAILS 

C57BL/6  mice  were  obtained  from  Jackson  Laboratory.  All  animals  were  housed  and  maintained  in  a  conventional  pathogen-free 
facility  at  the  Icahn  School  of  Medicine  at  Mount  Sinai  (ISMMS).  The  animal  study  protocols  in  this  study  were  approved  by  the  Insti¬ 
tutional  Animal  Care  and  Use  Committees  of  ISMMS.  Mice  of  6-8  weeks  were  sacrificed  for  T  cell  isolation. 

METHOD  DETAILS 

Preparation  of  Protein  and  Peptides 

The  Brd2  BD1  domain  (residues  73-194)  and  Brd2-BD2  domain  (residues  348-455)  fused  with  an  N-terminal  6xHis  tag  were  ex¬ 
pressed  in  E.  Coli  BL21(DE3)  codon  plus  RIL  strain  cells  induced  by  isopropyl-(3-D-thiogalactopyranoside  (0.3  mM)  at  25°C.  The 
Brd2-BD1  or  BD2  domain  was  purified  with  HiTrap  IMAC  FF  column  (GE  Healthcare)  followed  by  the  removal  of  His-Tag  via  thrombin 
cleavage,  and  the  protein  was  further  applied  to  a  Superdex  75  column  and  eluted  with  PBS  buffer  of  pH  7.4  containing  2.0  mM  EDTA, 
2.0  mM  DTT  and  500  mM  NaCI.  Uniformly  15N-  and  15N/13C-labeled  proteins  were  prepared  from  cells  grown  in  the  minimal  medium 
containing  15NH4CI  with  or  without  13C6-glucose  in  H20. 

Protein/Peptide  Binding  Study  and  Protein  Structure  Determination  by  NMR 

The  Brd2-BD1  or  BD2  domain  binding  to  lysine-acetylated  Stat3  peptides  containing  K49ac  (AYAAS-Kac-ESHAT,  residues  44- 
54),  K87ac  (HNLLRI-Kac-QFLQS,  residues  71-82),  or  K685ac  (PKEEAFG-Kac-YCPE,  residues  678-690)  was  assessed  by 
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monitoring  15N-labeled  protein  backbone  amid  resonance  perturbations  as  a  function  of  ligand  concentration  in  2D  1H-15N  HSQC 
spectra.  NMR  samples  of  the  Brd2-BD2  domain  (0.5  mM)  in  complex  with  Stat3-K87ac  (residues  71  -82)  peptide  of  1 .0  mM  were  pre¬ 
pared  in  PBS  buffer  of  pH  7.4  containing  2.0  mM  perdeuterated  DTT  and  2.0  mM  EDTA  in  H20/2H20  (9/1)  or  2H20.  All  NMR  spectra 
were  collected  at  298K  on  NMR  spectrometers  of  800,  600,  or  500  MHz.  The 1 H,  13C,  and  15N  resonances  of  a  protein  of  the  complex 
were  assigned  by  triple-resonance  NMR  spectra  collected  with  a  13C/15N-labeled  protein  bound  to  an  unlabeled  peptide  (Clore  and 
Gronenborn,  1994).  The  distance  restraints  were  obtained  in  three-dimensional  13C-  or  15N-NOESY  spectra.  Slowly  exchanging  am¬ 
ides,  identified  in  2D  15N-HSQC  spectra  recorded  after  a  H20  buffer  was  changed  to  a  2H20  buffer,  were  used  with  structures  calcu¬ 
lated  with  only  NOE  distance  restraints  to  generate  hydrogen-bond  restraints  for  final  structure  calculations.  The  inter-molecular 
NOEs  were  detected  in  13C-edited  (Fr),  13C/15N-filtered  (F3),  three-dimensional  NOESY  spectrum. 

Structure  Calculations 

3D  Structures  of  the  Brd2-BD2/Stat3-K87ac  complex  were  calculated  with  a  distance  geometry-simulated  annealing  protocol  using 
the  X-PLOR  program  (Brunger  et  al.,  1998)  Manually  assigned  NOE-derived  distance  restraints  were  used  to  calculate  initial  struc¬ 
tures.  ARIA  (Nilges  and  O’Donoghue,  1998)  assigned  distance  restraints  agree  with  structures  calculated  using  only  the  manually 
determined  NOE  restraints.  Ramachandran  plot  analysis  of  the  final  structures  was  performed  using  Procheck-NMR  program  (Las- 

kowski  et  al.,  1996). 

Cell  Sorting  and  T-Helper  Cell  Differentiation 

CD4+  T  cells  were  purified  from  spleen  and  lymph  nodes  using  anti-CD4  microbeads  (Miltenyi  Biotech).  Naive  CD4+  T  cells  were  acti¬ 
vated  with  plate-bound  anti-CD3  (1 .5  fiM/ml)  and  anti-CD28  (1 .5  fiM/ml)  plus  cytokines.  IL-12  (20  ng/mL)  and  anti-IL4  (10  fiM/ml)  for 
Thl  conditions,  IL4  (20  ng/mL),  anti-ILI 2  (1 0  |iM/ml)  and  anti-IFNy  (1 0  fiM/ml)  for Th2  conditions,  IL6  (20  ng/mL),  TGFp  (2.5  ng/mL)  for 
Th17  conditions,  TGFp  (2.5  ng/mL)  for  Treg  conditions.  The  cells  were  cultured  for  two  to  three  days  before  harvesting  for  further 
analysis.  All  cytokines  were  purchased  from  R&D,  and  neutralizing  antibodies  were  purchased  from  BD  Pharmigen. 

Real-Time  Quantitative  PCR  (qPCR) 

Total  RNA  was  extracted  with  RNeasy  Mini  Kit  (QIAGEN)  and  reverse  transcribed  using  the  Superscript  III  Reverse  Transcriptase  (Life 
Technologies).  All  qPCR  analysis  were  performed  using  Brilliant  III  Ultra  Fast  SYBR  Green  QPCR  Master  Mix  (Agilent  Technologies). 
In  gene  expression  analysis,  all  data  were  normalized  with  Actin/Gapdh  and  represented  relative  to  the  control  sample  (fold  change). 
For  ChIP-qPCR  relative  occupancies  were  calculated  as  ratio  of  the  amount  of  immunoprecipitated  DNA  to  that  of  the  input  sample 
(%input).  Measurements  were  performed  in  duplicate,  and  error  bars  denote  experimental  standard  deviations.  Results  are  repre¬ 
sentative  of  more  than  two  independent  experiments.  Primer  sequences  are  available  in  Table  S4. 

Gene  Knockdown  Using  siRNA  and  Intracellular  Staining  and  Flow  Cytometry  Analysis 

All  siRNAs  (siCtrl,  siBrd2,  siBrd4,  siNipbl,  siSmcl,  siSmc3)  were  purchased  from  Dharmacon.  Briefly,  naive  T  cells  were  activated 
under  the  ThO  condition  overnight,  re-suspended  and  transfected  with  Neon  Transfection  System  (Invitrogen).  The  transfected  cells 
were  added  to  plates  with  CD3+CD28  IMDM  medium.  After  four  hours  of  recovery,  IL6  (20  ng/mL)  and  TGFp  (2.5  ng/mL)  were  added 
to  induce  Thl  7  differentiation.  Supernatants  and  mRNA  were  collected  for  analysis  after  48  hr.  Phenotypic  analysis  of  the  gene 
knockdown  by  siRNA  was  performed  in  in  vitro  Thl  7  cell  culture  as  follows.  Naive  CD4+  T  cells  (CD4+CD25“CD62L+CD44low) 
were  isolated  from  lymph  nodes  and  spleens  of  six  to  eight  week  old  B6  mice  using  a  FACSAria  (BD)  and  activated  by  anti-CD3 
and  anti-CD28  stimulation  in  plates  pre-coated  with  goat  anti-hamster  IgG.  Cells  were  cultured  in  IMDM  (Sigma)  supplemented 
with  10%  heat-inactivated  FBS  (Hyclone),  50  U  penicillin-streptomycin  (Invitrogen),  4  mM  glutamine,  and  50  fiM  p-mercaptoethanol. 
For  T  cell  polarization,  cells  were  cultured  for  2  days  under  Thl  7  polarizing  condition  (0.1  ng/mL  TGF-p,  20ng/mL  IL-6)  or  ThO  con¬ 
dition  (1  OOU/mL  IL-2)  after  24  hr  activation.  For  cytokine  analysis,  cells  were  incubated  for  3  hr  with  phorbol  PMA  (50  ng/mL;  Sigma), 
ionomycin  (500  ng/mL;  Sigma)  and  GolgiStop  (BD).  Intracellular  cytokine  staining  was  performed  according  to  the  manufacturer’s 
protocol  (FoxP3  staining  buffer  set  from  eBioscience).  A  LSR  II  flow  cytometer  (BD  Biosciences)  and  FlowJo  (Tree  Star)  software 
were  used  for  flow  cytometry  and  analysis.  Dead  cells  were  excluded  using  the  Live/Dead  fixable  aqua  dead  cell  stain  kit  (Invitrogen). 

Chromatin  Immunoprecipitation  (CHIP) 

Cells  were  chemically  cross-linked  with  1  %  formaldehyde  solution  for  1 0  min  at  room  temperature  followed  by  the  addition  of  2.5  M 
glycine  (to  a  final  concentration  of  125  mM)  for  5  min.  Cells  were  rinsed  twice  with  cold  IxPBS  and  then  lysed  in  Szak’s  RIPA  buffer 
(150  mM  NaCI,  1%  Nonidet  P-40,  0.5%  deoxycholate,  0.1%  SDS,  50  mM  Tris-HCI  pH  8,  5  mM  EDTA,  Protease  Inhibitor  Cocktail 
(Roche),  lOmM  PMSF).  Cells  were  then  sonicated  using  sonicator  (QSonica)  for  10  pulses  of  15  s  at  a  voltage  of  70V,  followed  by 
1  min  rest  on  ice.  Sonicated  chromatin  was  cleared  by  centrifugation.  The  resulting  chromatin  extract  was  incubated  overnight  at 
4°C  with  appropriate  primary  antibodies  and  25  |iL  of  Protein  A/G  magnetic  beads  (Dynabeads,  Life  Technologies).  Beads  were 
washed  2  times  with  Szak’s  RIPA  buffer  (without  PMSF  and  Protease  Inhibitor  cocktail),  four  times  with  Szak’s  IP  Wash  Buffer 
(1 00  mM  Tris  HCI  pH  8.5,  500  mM  LiCI,  1  %  Nonidet  P-40, 1  %  deoxycholate),  then  twice  again  with  incomplete  RIPA  buffer  and  twice 
with  cold  1 X  TE.  Complexes  were  eluted  from  beads  in  Talianidis  Elution  Buffer  by  heating  at  65°C  for  1 0  min  and  then  by  adding  NaCI 
to  a  final  concentration  of  200  mM  and  reverse  crosslinking  was  performed  overnight  at  65°C.  Input  DNA  was  concurrently  treated  for 
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crosslink  reversal.  Samples  were  then  treated  with  RNaseA  and  Proteinase  K  for  an  hour,  extracted  with  Phenol/Chloroform  and 
ethanol  precipitated.  The  pellet  was  resuspended  in  water  and  used  for  subsequent  ChIP-seq  library  preparation  or  analyzed  by 
qPCR  as  described  above. 

Immunoprecipitation  (IP) 

Pierce  IP  lysis  buffer  were  used  for  cell  lysis  and  washing.  Briefly,  cells  were  lysed  and  protein  concentration  was  determined.  500ug 
of  cleared  protein  lysates  were  incubated  with  IP  antibodies  overnight  under  rotation  at  4°C  and  then  incubated  with  30ul  of  Protein  G 
Sepharose  beads  for  additional  2  hr.  The  beads  were  then  washed  extensively  with  IP  lysis  buffer,  and  eluted  with  Laemmli  Sample 
Buffer  heated  under  95°C  for  10  min.  The  supernatants  then  were  collected  for  western  blotting. 

Chromatin  Immunoprecipitation-sequencing  (ChIP-Seq) 

ChIPed-DNA  was  end  repaired  with  T4  DNA  polymerase  and  polynucleotide  kinase.  An  A-base  was  added  to  the  end-repaired  DNA 
fragments.  Solexa  adaptors  were  ligated  to  the  DNA  fragments  and  200-300bp  size  fractions  were  obtained  using  E-gel  (Life 
Technologies).  Adaptor-modified  fragments  were  enriched  by  18  cycles  of  PCR  amplification.  The  DNA  library  prep  was  validated 
in  Bioanalyzer  for  quantity  and  size.  The  input-  and  ChIPed-DNA  libraries  were  sequenced  on  the  lllumina  HiSeq2000  platform 
with  50bp  read  length  in  a  single  end  mode.  Brd2  and  Brd4  ChIP-seq  were  performed  and  analyzed  in  triplicate.  H3K27ac  and 
H3K4me1  ChIP-seq  were  performed  in  duplicate.  Smcl,  Smc3  and  Nipbl  were  performed  once.  All  ChIP-seq  data  described  in 
this  study  have  been  deposited  in  GEO  under  the  accession  numbers  GEO:  GSE90788  and  GSE63778. 

QUANTIFICATION  AND  STATISTICAL  ANALYSIS 

Bioinformatics  Analysis 

For  ChIP-seq  analysis,  the  input  and  ChIP  samples  were  sequenced  by  lllumina  HiSeq200.  After  QC  filtering  by  FASTAX  (http:// 
hannonlab.cshl.edu/fastx_toolkit/),  only  the  reads  with  a  quality  score  Q20  in  at  least  90%  bases  were  included  for  analysis.  The 
reads  from  both  Input  and  ChIP  samples  were  first  aligned  to  mm9  reference  genome  using  Bowtie.  The  peaks  in  the  ChIP  sam¬ 
ple  in  reference  to  the  input  sample  were  called  from  read  alignments  by  MACS  algorithm  and  then  the  distance  to  the  closest 
TSS  was  annotated  from  genome  mapping  information  of  RefSeq  transcripts.  Genes  associated  with  peaks  were  annotated 
(http://amp.pharm.mssm.edu/Enrichr/).  The  Brd2,  Brd4,  Nipbl,  Smcl,  Smc3  peaks  were  compared  to  peaks  from  previously 
published  Th17  (CTCF,  p300,  RorgT,  Stat3,  Irf4  and  BATF)  ChIP-seq  datasets  (Ciofani  et  al.,  2012;  Wei  et  al.,  2010).  Finally, 
the  alignment  and  coverage  of  ChIPseq  data  were  visualized  by  integrative  genomics  viewer  (IGV)  program  (https://www. 
broadinstitute.org/igv/).  Gene  annotation  and  pathway  analysis  of  the  identified  genes  was  performed  using  The  Database  for 
Annotation,  Visualization  and  Integrated  Discovery  (DAVID)  (http://david.abcc.ncifcrf.gov/).  For  replicates  analysis,  we  followed 
guidelines  recommended  by  ENCODE  (Landt  et  al.,  2012).  Specifically,  Brd2  and  Brd4  ChIP-seq  were  performed  in  triplicate  and 
analyzed.  Quality  of  ChIP-seq  data  were  analyzed  with  phantompeakqualtools.  PCA  clustering  analysis  was  performed  to  deter¬ 
mine  the  reproducibility  of  replicates  and  MAnorm  (Shao  et  al.,  2012)  was  used  to  analyze  quantitative  difference  of  peaks 
identified. 

Analysis  of  ChIP-Seq  Quality  and  Reproducibility 

ChIP-seq  samples  were  analyzed  in  triplicates.  For  data  QC  (quality  control),  Phantompeakqualtools  (Marinov  et  al.,  201 4)  was  used 
to  generate  two  quality  metrics:  NSC  and  RSC.  The  NSC  (Normalized  strand  cross-correlation)  and  RSC  (Relative  strand  cross-cor¬ 
relation)  metrics  use  cross-correlation  of  stranded  read  density  profiles  to  measure  enrichment  independently  of  peak  calling. 
Samples  with  NSC  >  1 .05  and  RSC  >  0.8  were  considered  as  high  quality  samples.  Reproducibility  of  datasets  was  checked  using 
PCA  and  clustering,  using  the  DiffBind  Bioconductor  package  (Stark  and  Brown,  2011). 

Analysis  of  Quantitative  Difference  of  ChIP-Seq  Peaks  Using  MAnorm 

MAnorm  was  used  for  normalization  and  quantitative  comparison  of  Brd2  and  Brd4  peaks.  MAnorm  was  used  to  analyzed  tripli¬ 
cates  for  Brd2  and  Brd4  and  takes  the  coordinate  of  all  peaks  and  aligned  reads  in  both  Brd2  and  Brd4  samples  as  input.  The  (M, 
A)  value  of  each  common  peak  is  then  calculated  and  plotted,  where  M  =  log2  (Read  density  in  Brd2/Read  density  in  Brd4)  and  A  = 
0.5  x  log2  (Read  density  in  Brd2  x  Read  density  in  Brd4).  Robust  regression  is  subsequently  applied  to  the  (M,  A)  values  of  all 
common  peaks  and  a  linear  model  is  derived.  Finally,  the  linear  model  is  extrapolated  to  all  peaks  for  normalization.  A  P  value 
is  also  calculated  for  each  peak  to  describe  the  statistical  significance  of  read  intensity  difference  between  the  two  samples  being 
compared.  The  normalized  M  value  was  then  used  as  a  quantitative  measure  of  differential  binding  in  each  peak  region  between 
two  samples,  with  peak  regions  associated  with  larger  absolute  M  values  exhibiting  greater  differences  in  binding.  In  the  Venn  di¬ 
agram,  Brd2  unique  peaks  (non-concordant  peaks)  are  peaks  with  M-values  greater  than  1  and  that  have  a  log  base  10(p  value) 
greater  than  5.  Similarly,  Brd4  unique  peaks  (non-concordant  peaks)  are  peaks  with  M-values  less  than  (-1)  that  have  a  log  base 
10(p  value)  greater  than  5.  Unbiased  peaks  (concordant  peaks)  are  peaks  with  M-values  between  (-0.5)  and  (+0.5).  Final  Venn 
diagram  was  generated  to  incorporate  results  from  triplicates.  Peaks  were  considered  positive  if  present  in  at  least  two  out  of  three 
samples. 
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Statistical  Analysis 

Statistical  analysis  was  performed  using  Student’s  t-Test.  P  values  <  0.05  were  considered  statistically  significant.  Measurements 
were  performed  in  duplicate,  and  error  bars  denote  experimental  standard  deviations. 

DATA  AND  SOFTWARE  AVAILABILITY 

The  Brd2,  Brd4,  H3K27ac,  H3K4me1 ,  Smcl ,  Smc3,  and  Nipbl  ChIP-seq  data  have  been  deposited  in  GEO  under  accession  numbers 
GEO:  GSE90788  and  GSE63778.  The  solution  structure  of  the  Brd2-BD2  in  complex  with  Stat3-K87ac  peptide  and  for  the  NMR 
spectral  data  have  been  deposited  in  Protein  Data  Bank  (PDB)  under  ID  code  PDB:  5U5S,  and  BioMagResBank  (BMRB)  ID  code 
BMRB:  30206,  respectively. 
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Figure  SI.  Analysis  of  quality  and  reproducibility  of  Brd2  and  Brd4  ChIP-seq  data  in  triplicates,  related  to  Figure  1. 

(A)  Quality  metrics  for  ChIP-seq  triplicate.  NSC  and  RSC  values  were  calculated  using  phantompeakqualtools.  Libraries  with  NSC 
>1.05  and  RSC>0.8  were  considered  to  be  high  quality. 

(B)  PCA  plot  of  the  Brd2  and  Brd4  ChIP-seq  data  in  triplicates  ofmouse  Thl  7  cells  showing  that  the  replicates  for  the  corresponding 
BET  proteins  resemble  each  other  well.  Lower  panel,  hierachical  clustering  analysis  of  the  Brd2  and  Brd4  ChIP-seq  data  showing 
genome-wide  occupancy  of  Brd2  and  Brd4  at  differentially  bound  sites  in  the  triplicates. 

(C)  MAnorm  was  used  for  normalization  and  quantitative  comparison  of  Brd2  and  Brd4  ChIP-seq  datasets.  Each  replicate  is  used 
for  comparison  and  a  MAplot  is  provided  (upper  panels).  The  Brd2  unique  peaks,  Brd4  unique  peaks,  and  common  peaks  with 
statistical  significance  were  shown  in  Venn  diagrams  (lower  panels). 

(D)  ChIP-seq  tracks  showing  selected  gene  loci  occupanied  with  Brd2  binding,  but  not  Brd4  in  Thl 7  cells. 
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Figure  S2.  Brd2  ,  but  not  Brd4,  is  associated  with  CTCF/Cohesin  complex  in  Th17  cells,  related  to  Figure  2. 

(A)  Venn  diagrams  showing  the  number  of  overlapping  peaks  of  Brd2,  Brd4  and  Stat3  (Left);  and  normalized  Brd2  and  Brd4 
ChIP-signal  centered  around  Stat3  peak  regions  (Right). 

(B)  ChIP-seq  tracks  of  CTCF,  Nipbl,  Smcl,  Smc3,  Brd2,  Brd4  and  Stat3  on  119  and  Il12rb1  gene  loci  in  Th17  cells. 

(C)  Normalized  Brd2,  Brd4,  Nippbl,  Smcl  and  Smc3  ChIP-signal  centered  around  Brd2  and  Brd4  peak  regions. 

(D)  ChIP-analysis  showing  occupancy  of  Brd2,  and  cohesin  components  (Nipbl,  Smcl  and  Smc3)  at  the  CTCF  and  Stat3 
binding  sites  in  the  1117a  and  Rorogene  loci,  respectively. 

(E)  ChIP  analysis  showing  levels  of  hisotne  modificaiotns  including  H3K27ac,  H3K4me1,  H3K4me3,  and  H3K27me3  at  the 
CTCF  and  Stat3  binding  sites  along  the  1117a  and  Rorogene  loci.  The  primer  target  sites  are  indicated  in  Figure  2C. 
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Figure  S3.  BET  BrD  inhibitor,  JQ1  displaces  global  occupancy  of  Brd4,  but  not  Brd2  on  target  gene  loci  in  Thl 7 
cells,  related  to  Figure  3. 

(A)  Profiles  of  the  ChIP-seq  data  showing  patterns  of  perturbation  of  Brd4  occupancy  across  multiple  gene  sets  of  Thl  7 
selective  genes,  genes  with  super  enhancers,  and  housekeeping  genes  in  Thl  7  cells  after  2  hour-treatment  of  JQ1 . 

(B)  Profiles  of  the  ChIP-seq  data  showing  patterns  of  perturbation  of  Brd2  occupancy  across  multiple  gene  sets  of  Thl  7 
selective  genes,  genes  with  super  enhancers,  and  housekeeping  genes  in  Thl  7  cells  after  2  hour-treatment  of  JQ1 . 

(C)  ChIP-qPCR  validation  of  Brd2  and  Brd4  occupancy  on  1117a  and  Il17f  gene  loci  in  Th17  cells  after  2  hour-treatment  of 
JQ1 . 
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Figure  S4.  Effects  of  transcription  elongation  or  processivity  inhibition  on  occupancy  of  Brd2  and  Brd4  at  genomic 
loci  of  (A)  111 7a,  (B)  111 7f  and  (C)  Rorc,  as  determined  by  ChIP-qPCR,  related  to  Figure  4. 

Murine  primary  naive  CD4+T  cells  isolated  from  mouse  spleen  and  lymph  nodes,  and  differentiated  under  Th17  cell  condi¬ 
tions  for  48  hours,  and  then  treated  with  CDK9  inhbitor  flavopiridol  (Flavo)  or  LDC00001  (LDC),  or  DRB  (5,6-Dichlorobenzim- 
idazole  1-|3-D-ribofuranoside),  a  RNA  Polll  inhibitor,  at  2.5  for  6  hours. 
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Figure  S5.  Assessing  the  molecular  basis  of  Brd2/Stat3  interactions  in  Th17  cells,  related  to  Figure  5. 

(A)  Comparison  of  2D  1H-15N  HSQC  spectra  of  BD1  and  BD2  of  Brd2  collected  in  the  PBS  buffer  of  pH  7.5  at  298K  in  the  free 
form  (black)  versus  in  the  presence  of  Stat3  peptides  containing  K49ac  (AYAAS-Kac-ESHAT,  residues  44-54),  K87ac  (HNLL- 
RI-Kac-QFLQS,  residues  71-82),  or  K685ac  (PKEEAFG-Kac-YCPE,  residues  678-690),  respectively.  The  protein  concentration 
was  0.2  mM  and  the  molar  ratio  of  the  protein  to  peptide  was  kept  at  1 :5. 

(B)  The  structure  of  the  Brd2  BD2  in  complex  with  a  Stat3-K87ac  peptide  (residues  71-82)  is  shown  as  stereoview  of  the  back¬ 
bone  atoms  (N,  Ca  and  C’)  of  25  superimposed  NMR  structures  of  the  complexes  (left). 

(C)  Comparison  of  the  structures  of  Brd2  BD2  bound  to  Stat3-K87ac  (cyan)  or  histone  H4-K12ac  (green,  PDB  ID  2e3k)  peptide. 
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Figure  S6.  Analysis  the  roles  of  Brd2,  Brd4,  and  cohesin  component  proteins  in  1117a  expression,  as  assessed  by 
siRNA  knockdown  of  Brd2,  Brd4,  Rorc,  Nipbl,  Smcl  and  Smc3  individually,  related  to  Figure  6. 

(A)  Upper  right,  Schematic  representation  of  the  experimental  protocol.  Naive  CD4+  T  cells  from  wild-type  mice  were 
activated  under  non-polarizing  (ThO:  anti-CD3  and  anti-CD28)  condition.  At  24  hours,  siRNAs  were  transfected,  and  the 
transfected  T  cells  were  further  cultured  under  ThO  orTh17  polarization  (Th17:  anti-CD3,  anti-CD28,  IL-6,  and  TGF-(3) 
conditions  for  48  hours.  Cells  were  re-stimulated  with  PMA/lonomycin  for  3  hours,  and  cytokine  production  was  moni¬ 
tored  by  FACS  analysis.  Upper  left,  knockdown  of  Brd2  and  Brd4  reduced  IL-17A/F  production  in  in  vitro  polarized  RORy 
t+  Th17  cells.  Bar  graphs  show  accumulated  results  from  four  biological  replicates  of  two  independent  experiments  as 
mean  ±  s.e.m.,  two-tailed  t-test.  *,  p<0.05;  ***,p<0.001.  Lower  right,  representative  FACS  plot  showing  IL-17A/F  produc¬ 
tion  of  in  vitro  polarized  mouse  ThO  and  Th17  cells. 

(B)  qPCR  analysis  of  the  effects  of  Nipbl,  Smcl  or  Smc3  siRNA  knockdown  on  Th17  cell  differentiation,  as  assessed  by 
the  mRNA  transcript  level  of  1117a. 


Table  SI,  related  to  Figures  1,2-  ChIP-seq  analysis  of  Stat3,  Brd2,  Brd4  associated  genes. 

Table  S2,  related  to  Figures  1,2-  ChIP-seq  analysis  of  transcription  factors  associated  genes. 

Table  S3,  related  to  Figure  5  -  Summary  of  statistics  of  the  NMR  structures  of  Brd2  BD2  in 
complex  with  the  Stat3-K87ac  peptide. 

Table  S4,  related  to  Figures  1,  2,  6  -  qPCR  primers. 
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T-helper  17  (Thl  7)  cells  have  important  functions  in  adaptor  immunity 
and  have  also  been  implicated  in  inflammatory  disorders.  The 
bromodomain  and  extraterminal  domain  (BET)  family  proteins 
regulate  gene  transcription  during  lineage-specific  differentiation 
of  naive  CD4+  T  cells  to  produce  mature  T-helper  cells.  Inhibition  of 
acetyl-lysine  binding  of  the  BET  proteins  by  pan-BET  bromodomain 
(BrD)  inhibitors,  such  as  JQ1,  broadly  affects  differentiation  of  Th17, 
Thl,  and  Th2  cells  that  have  distinct  immune  functions,  thus  limiting 
their  therapeutic  potential.  Whether  these  BET  proteins  represent 
viable  new  epigenetic  drug  targets  for  inflammatory  disorders  has 
remained  an  unanswered  question.  In  this  study,  we  report  that 
selective  inhibition  of  the  first  bromodomain  of  BET  proteins  with 
our  newly  designed  small  molecule  MS402  inhibits  primarily  Th17 
cell  differentiation  with  a  little  or  almost  no  effect  on  Thl  or  Th2 
and  Treg  cells.  MS402  preferentially  renders  Brd4  binding  to  Thl  7 
signature  gene  loci  over  those  of  housekeeping  genes  and  reduces 
Brd4  recruitment  of  p-TEFb  to  phosphorylate  and  activate  RNA  po¬ 
lymerase  II  for  transcription  elongation.  We  further  show  that 
MS402  prevents  and  ameliorates  T-cell  transfer-induced  colitis  in 
mice  by  blocking  Thl 7  cell  overdevelopment.  Thus,  selective  phar¬ 
macological  modulation  of  individual  bromodomains  likely  repre¬ 
sents  a  strategy  for  treatment  of  inflammatory  bowel  diseases. 

Th17  cell  differentiation  |  gene  transcription  |  Brd4  |  bromodomain  | 
chemical  inhibitor 

CD4+  T  cells  are  important  immune  cells  in  biology  and  have 
been  implicated  in  the  pathology  of  autoimmune  diseases 
and  cancer  (1-5).  They  develop  in  thymus  to  different  T-helper 
(Th)  cells  to  guide  immune  effector  functions  (6).  The  known  Th 
effector  subsets  including  Thl,  Th2,  Thl7,  and  Treg  produce  sig¬ 
nature  genes  and  perform  different  immune  functions  (7,  8).  Par¬ 
ticularly,  Thl7  cells  produce  IL-17a  and  IL-17f  and  protect  mucosa 
from  bacterial  and  fungal  infection  (9,  10).  Thl7  cell  development 
is  linked  to  inflammatory  disorders  including  multiple  sclerosis, 
rheumatoid  arthritis,  and  inflammatory  bowel  disease  (11-13). 

Lineage-specific  differentiation  of  naive  CD4+  T  cells  to  Thl7 
cells  is  tightly  controlled  by  gene  transcription  in  chromatin  (14- 
lb) — a  complex  process  that  involves  collective  activities  of  key 
transcription  factors  Stat3,  Batf,  and  Irf4,  as  well  as  Thl7-specific 
orphan  nuclear  receptor  RORyT  (17-20).  These  transcription 
factors  work  with  chromatin  modifying  enzymes  and  effector 
proteins  to  ensure  proper  timing,  duration,  and  amplitude  for 
ordered  gene  transcription  in  Thl7  cell  differentiation  (15,  21). 
Of  these  are  a  family  of  bromodomain  (BrD)  and  extraterminal 
domain  (BET)  proteins  consisting  of  Brd2,  Brd3,  Brd4,  and 
testis-specific  Brdt  (22,  23).  BET  proteins  play  a  multifaceted 
role  in  gene  transcription  through  their  tandem  bromodomains 
binding  to  lysine-acetylated  histones  and  transcription  factors 


during  chromatin  opening,  transcription  factor  recruitment  to 
target  gene  promoter  and  enhancer  sites,  and  activation  of 
paused  RNA  polymerase  II  (PolII)  transcriptional  machinery  for 
productive  gene  activation  (24,  25).  Consistent  with  their  role  in 
T-helper-cell  differentiation  (26),  inhibition  of  acetyl-lysine 
binding  of  the  BET  proteins  by  pan-BET  BrD  inhibitors,  such  as 
JQ1,  affects  differentiation  of  not  only  Thl7  but  also  of  Thl  and 
Th2  cells  (27,  28).  Because  of  such  broad  activities,  unfortu¬ 
nately,  pan-BET  BrD  inhibitors  are  thought  to  have  limited 
therapeutic  potential.  Whether  these  BET  proteins  represent 
viable  new  epigenetic  drug  targets  for  inflammatory  disorders 
has  remained  an  unanswered  question  to  this  day. 

Growing  evidence  shows  that  the  two  BrDs  of  BET  proteins 
have  distinct  functions  in  gene  transcription  in  that  the  second  BrD 
(BD2)  of  Brd4  is  dedicated  to  interaction  with  lysine-acetylated 
transcription  factors  and  p-TEFb,  whereas  the  first  BrD  (BD1) 
functions  to  anchor  the  activated  Brd4/transcription  protein 


Significance 

The  bromodomain  and  extraterminal  domain  (BET)  proteins 
regulate  transcription  of  subset-specifying  genes  during 
lineage-specific  T-helper-cell  differentiation  in  adaptor  immu¬ 
nity  and  are  also  implicated  in  inflammatory  disorders.  The 
available  pan-BET  bromodomain  inhibitors  such  as  JQ1  indiscrim¬ 
inately  block  the  tandem  bromodomains  (BD1  and  BD2)  of  the  BET 
proteins,  broadly  render  differentiation  of  different  Th  subsets, 
and  have  limited  therapeutic  potential.  Here  we  report  a  small 
molecule,  MS402,  that  can  selectively  inhibit  BD1  over  BD2  of  the 
BET  proteins  and  block  Thl 7  maturation  from  mouse  naive  CD4+  T 
cells,  with  limited  or  no  effects  on  Thl,  Th2,  or  Treg  cells.  MS402 
effectively  prevents  and  ameliorates  T-cell  transfer-induced  colitis 
in  mice  by  disrupting  Th17  cell  development,  thus  representing  a 
therapeutic  approach  for  inflammatory  bowel  diseases. 
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complex  to  target  genes  in  chromatin  through  binding  to  lysine- 
acetylated  histone  H4  (26,  29).  We  sought  to  investigate  how 
selective  BET  BrD  inhibition  modulates  gene  transcription  in 
lineage-specific  differentiation  of  different  Th  subsets.  In  this 
study,  we  have  developed  a  BD1 -selective  BET  BrD  inhibitor, 
MS402,  and  showed  that  it  can  selectively  render  differentiation 
of  Thl7  cells  over  other  Th  cells  from  murine  primary  naive 
CD4+  T  cells.  We  further  demonstrated  the  therapeutic  poten¬ 
tial  of  MS402  in  preventing  and  ameliorating  adaptive  T-cell 
transfer-induced  colitis  in  mice  through  the  disruption  of  Brd4 
functions  in  gene  transcription  and  Thl7  cell  development. 

Results  and  Discussion 

Given  that  the  BD1  of  the  BET  proteins  is  dedicated  for  binding 
to  lysine -acetylated  histone  H4  for  gene  transcriptional  activation 
(30),  we  reasoned  that  a  small  molecule  that  selectively  targets  the 
BD1  could  effectively  block  BET  functions  in  gene  activation  in 
chromatin.  Using  structure -guided  design,  we  developed  a  cyclo- 
pentanone-based  BrD  inhibitor,  MS402  (see  its  synthesis  in 
Scheme  SI),  that  displays  nanomolar  inhibitory  activity  against  the 
BD1  ( of  77  nM)  with  a  ninefold  selectivity  over  BD2  of  BRD4 
(Fig.  L4).  This  selectivity  is  consistently  seen  with  the  BrDs  of 
BRD2  or  BRD3,  albeit  to  a  lesser  extent  (Fig.  SL4).  The  BrD  of 
CREB-binding  protein  (CBP)  binds  MS402  with  Kx  of  775  nM,  10- 
fold  weaker  than  BRD4-BD1,  and  other  representative  BrDs  from 
different  subgroups  of  the  BrD  family  including  PCAF,  SMARCA4, 
BPTF,  and  BAZ2B  show  very  weak  binding  to  MS402  with  50-fold 
or  more  less  affinity  than  BRD4-BD1  (Fig.  SI  A  and  B).  MS402  is 
200-300  times  more  potent  than  K5ac/K8ac-di-acetylated  H4  pep¬ 
tide  in  binding  to  BRD4  BrDs  (Fig.  L4). 

Our  1.5-A-resolution  crystal  structure  of  the  BRD4  BD1 
revealed  that  MS402  is  bound  across  the  ZA  channel,  establishing 
interactions  with  Val87,  Leu92,  and  Leu94  on  one  side  and  Trp81, 
Pro82,  Phe83,  and  Ilel46  on  the  other  (Fig.  IB  and  Table  SI).  The 
carbonyl  oxygen  of  its  cyclopentanone  moiety  forms  two  key  hy¬ 
drogen  bonds,  one  with  the  side-chain  amide  of  the  conserved 
Asnl40  and  the  other  mediated  by  a  bound  water  molecule  to  the 
phenoxyl  group  of  Tyr97.  In  addition,  this  moiety  makes  van  der 
Waals  contacts  with  a  gatekeeper  residue  Ilel46.  The  amino  group 
connecting  cyclopentanone  and  chlorobenzene  forms  another 
hydrogen  bond  to  the  backbone  carbonyl  oxygen  of  Pro82  of  the 
WPF  shelf.  Further,  the  amide  nitrogen  linking  the  two  aromatic 
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Fig.  1.  Structure-guided  development  of  MS402,  a  BD1 -selective  BET  BrD 
inhibitor.  (A)  (Upper)  Domain  organization  of  mammalian  BET  family  pro¬ 
teins.  (Lower)  Binding  affinity  of  MS402  or  an  H4K5ac/K8ac  peptide  (residues 
1-13)  to  the  BrDs  of  BRD4  as  measured  in  a  fluorescence  anisotropy  binding 
assay  using  an  FITC-labeled  BrD  inhibitor  as  a  probe.  (B)  (Left)  The  crystal 
structure  of  MS402  (yellow)  bound  to  the  BRD4-BD1.  (Right)  Electrostatic  po¬ 
tential  surface  representation  of  the  BRD4-BD1/MS402  complex.  Side  chains  of 
key  residues  at  the  ligand-binding  site  in  the  protein  are  shown,  and  bound 
water  molecules  are  depicted  as  red  spheres.  (Lower)  Schematic  diagram 
highlights  key  interactions  in  MS402  recognition  by  the  BRD4-BD1.  Two  key 
water  molecules  are  shown  in  magenta  spheres,  and  hydrogen  bonds  are 
drawn  as  dashed  lines.  The  figure  was  generated  using  LIGPLOT  (43). 


rings  of  MS402  forms  a  water-mediated  hydrogen  bond  to  the 
side-chain  carbonyl  oxygen  of  Gln85.  The  latter  is  unique  in  the 
BD1,  corresponding  to  a  Lys  in  the  BD2  that  is  not  engaged  in 
hydrogen  bond  binding  to  MS402  as  does  Gln85  in  BD1;  point 
mutation  of  Gln85  to  a  Lys  or  Ala  nearly  abolished  the  preferred 
MS402  binding  by  BD1  over  BD2  (Fig.  SI  B-D).  Further,  change 
of  Ilel46  in  BD1  to  smaller  Val439  in  BD2  likely  weakens  van  der 
Waals  contacts  between  the  protein  and  cyclopentanone,  thus 
explaining  MS402  selectivity  for  the  BD1  over  BD2  of  BRD4. 

To  study  the  role  of  BET  proteins  in  Th  cell  differentiation  we 
isolated  murine  primary  naive  CD4+  T  cells  from  mouse  spleen  and 
lymph  nodes  and  treated  them  with  IL-12,  IL-4  plus  a-IL-12,  TGF-p 
plus  IL-6,  or  TGF-p  plus  IL-2,  respectively,  to  promote  Thl,  Th2, 
Thl7,  or  Treg  linage-specific  differentiation  over  3.5  d  with  or  without 
MS402  added  daily  to  cell  culture  (Fig.  24).  Strikingly,  as  shown  by 
flow  cytometry  analysis,  MS402,  in  a  dose-dependent  manner, 
inhibited  IL-17  release  from  18.6  to  8.0%  in  the  TM7  polarizing 
condition  and  to  a  lesser  extent  IFN-y  production  from  49.7  to  38.6% 
in  the  Thl  condition;  it  had  little,  if  any,  effect  on  IL-4  and  Foxp3 
expression  during  Th2  and  Treg  cell  differentiation,  respectively  (Fig. 
2 B).  MS402  did  not  affect  T-cell  proliferation  as  assessed  in  a  car- 
boxy-fluorescein  succinimidyl  ester  dilution  assay  (Fig.  S24). 

Notably,  MS417,  a  potent  pan-BET  BrD  inhibitor  (K{  <10  nM) 
(26),  and  JQ1  (31)  and  I-BET762  (32)  that  share  the  diazepine 
scaffold,  block  broadly  differentiation  of  murine  primary  naive 
CD4+  T  cells  to  Thl7,  Thl,  Th2,  and,  to  a  lesser  extent,  Treg  cells 
under  the  conditions  similar  to  those  used  for  MS402  (Fig.  2 B  and 
Fig.  S2  B-D).  Our  data  agree  with  a  report  of  suppression  of 
Thl7-mediated  pathology  by  JQ1  (28).  Further,  a  potent,  selective 
CBP  BrD  inhibitor,  CBP30  (Kd  =  26  nM),  was  reported  to  sup¬ 
press  Thl7  cell  differentiation  (33).  Using  the  same  condition, 
however,  we  found  that  CBP30  inhibits  Thl 7  and  also  Th2  cell 
differentiation  and  has  limited  effects  on  Thl  or  Treg  cells  (Fig. 
S2E).  These  results  argue  that  MS402’s  modest  activity  on  CBP 
BrD  ( K[  of  775  nM,  10-fold  weaker  than  Brd4-BD1)  likely  does 
not  contribute  to  its  selective  activity  on  Thl 7  cell  differentia¬ 
tion,  especially  when  used  at  submicromolar  concentrations. 

The  selective  activity  of  MS402  on  inhibition  of  Thl 7  cell 
differentiation  over  Thl,  Th2,  or  Treg  cells  is  further  supported 
by  our  observations  that  in  a  dose-dependent  manner  MS402 
effectively  inhibits  transcriptional  activation  of  rorc  and  ill  7a  in 
Thl7  cells,  and  to  a  lesser  extent  tbx21  and  ifng  in  Thl  cells,  and 
it  has  only  small  effects  on  gata3  and  il4  expression  in  Th2  cells, 
and  almost  no  effects  on  foxp3  and  illO  in  Treg  cells  (Fig.  2C). 
These  results  contrast  sharply  to  the  much  more  broad  effects  of 
MS417  on  the  signature  genes  of  Thl7  and  Thl  as  well  as  Th2 
cells  (Fig.  2C).  We  confirmed  the  inhibitory  effects  of  MS402  on 
additional  key  Thl7  genes  ill  7f,  il21,  il23r,  ahr,  iff 4,  and  H9  (Fig. 
S2F).  We  further  observed  that  MS402  treatment  resulted  in  a 
marked  reduction  of  Brd4  and  Cdk9  occupancy  and  RNA  PolII 
Ser2  phosphorylation  level  at  the  Stat3  binding  sites  in  ill7a/f 
and  rorc  loci  (Fig.  S2G),  which  is  required  for  transcription 
elongation  (26).  Notably,  MS402  seems  to  have  minimal  effects 
on  genomic  occupancy  of  Brd2  (Fig.  S2G).  Further,  MS402  in¬ 
hibition  is  independent  of  IL-10  expression  and  does  not  involve 
IL-27  or  IL-35,  because  it  is  still  able  to  suppress  Thl7  and  Thl 
cell  differentiation  in  ill0~f~  mice  (Fig.  S2 H)  and  inhibit  activation 
of  il-17a,  ill7 ,  rorc,  ifng,  and  T-bet  in  EBI3~f~  mice  (Fig.  S2 1). 

We  next  performed  genomic  sequencing  analysis  to  better  un¬ 
derstand  how  MS402  and  JQ1  affect  gene  transcription  in  Thl7 
cell  differentiation.  Specifically,  we  carried  out  chromatin  immu- 
noprecipitation  sequencing  (ChIP-seq)  for  Brd4  and  RNA-seq 
experiments  for  mouse  Thl7  cells  with  and  without  MS402  or  JQ1 
treatment.  Overall,  MS402  and  JQ1  treatments  yielded  a  similar 
pattern  of  perturbation  in  gene  transcription  in  Thl7  cell  differ¬ 
entiation  (Fig.  3A  and  Fig.  S3  A-D),  albeit  certain  Thl7  signature 
cytokine  genes  such  as  ill  7a, f  and  il22  are  perturbed  slightly  even 
more  by  MS402  than  by  JQ1  (Fig.  3 B).  Immune  and  cytokine 
ontologies  seem  consistently  more  enriched  in  the  set  of  genes 
down-regulated  by  MS402  compared  with  JQ1  (Fig.  3C),  whereas 
genes  up-regulated  are  clustered  in  cell  development  and  maturation 
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Fig.  2.  MS402,  a  bromodomain  inhibitor,  renders  Thl 7  cell  differentiation.  (>4)  (Upper)  A  schematic  illustration  of  the  T-helper-cell  differentiation  study. 
(Lower)  Flow  cytometry  analysis  of  mouse  primary  naive  CD4+  T  cells  purified  from  spleens  and  lymph  nodes  of  C57BL/6  mice  and  differentiated  under  ThO, 
Thl,  Th2,  Th17,  and  Treg  polarization  conditions  with  and  without  the  presence  of  MS402  added  daily  at  100  nM  or  500  nM.  (B)  Table  summarizing  the  effects 
of  MS402  or  pan-BET  BrD  inhibitors  including  MS417,  JQ1,  and  I-BET762  on  T-helper-cell  differentiation.  (C)  Effects  of  MS402  or  MS417  treatment  on  mRNA 
expression  levels  of  key  Thl 7,  Thl,  Th2,  or  Treg  subset-specific  signature  genes  (transcription  factors  and  cytokines)  after  3-d  lineage-specific  cell  differen¬ 
tiation  from  mouse  primary  naive  CD4+  T  cells  in  a  dose-dependent  manner. 


(Fig.  S3 E).  Further,  Venn  diagram  analyses  reveal  that  a  majority 
of  MS402-altered  genes,  with  up  or  down  transcriptional  expres¬ 
sion  upon  compound  treatment,  are  covered  by  JQ1,  but  almost 
half  of  JQl-affected  genes  are  unchanged  by  MS402  (Fig.  3D). 
Notably,  violin  plot  analysis  of  the  RNA-seq  data  and  comparison 
of  the  ChIP-seq  data  show  that  MS402  is  effective  similarly  to  JQ1 
in  releasing  Brd4  genomic  occupancy  at  Thl7  signature  genes  and 
super  enhancers  but  has  fewer  effects  than  JQ1  at  housekeeping 
genes  (Fig.  3 E  and  Fig.  S3  F-H).  This  apparently  selective  effect  of 
MS402  over  JQ1  is  illustrated  by  representative  RNA-seq  tracks 
showing  Thl7  signature  genes  Batf  and  Rorc  whose  transcription  is 
effectively  down-regulated  by  MS402  or  JQ1,  whereas  a  house¬ 
keeping  gene  Oxsm  is  down-regulated  by  JQ1  but  much  less  by 
MS402  (Fig.  3 F).  Given  that  MS402  exhibited  cellular  inhibitory 
effects  on  the  order  of  its  affinity  for  the  BD1  of  BET  proteins,  our 
results  collectively  suggest  that  pharmacological  inhibition  of  the 
BD1  of  BET  proteins  by  MS402,  likely  blocking  Brd4  activity  re¬ 
quired  for  Thl7  signature  gene  transcriptional  activation,  is  suf¬ 
ficient  to  render  Thl7  cell  differentiation. 

We  next  examined  in  vivo  effects  of  MS402  in  a  T-cell  transfer- 
induced  colitis  model  in  mice  (Fig.  44),  in  which  Thl7  cells  are 
implicated  in  disease  progression  (11-13).  After  reconstitution 
with  naive  CD4+CD45RBffi  cells  isolated  from  spleen  and  lymph 
nodes  of  C57BL/6  mice,  Ragl~f~  mice  began  losing  weight  after 
4  wk,  whereas  the  mice  that  received  MS402  intraperitoneally  twice 
a  week  at  10  mg/kg  showed  much  less  weight  loss  (Fig.  4 B).  His¬ 
tology  analysis  revealed  that  7  wk  after  reconstitution  the  colon  of 
the  T-cell  transfer  group  mice  was  markedly  shorter  and  inflamed 
compared  with  the  control,  whereas  the  colons  of  MS402-treated 
mice  showed  little  difference  in  length  or  appearance  (Fig.  4C). 
Notably,  unlike  the  disease  mice  that  exhibited  severe  in¬ 
flammation  at  the  end  of  the  study  with  a  disease  score  of  3,  the 


MS402-treated  mice  displayed  only  mild  or  almost  negative  in¬ 
flammation  with  a  disease  score  of  0-1  (Fig.  AD).  Histological 
study  of  colon  sections  from  the  disease  mice  confirmed  more 
severe  inflammatory  cell  infiltrates  and  significantly  higher  path¬ 
ological  scores  than  colons  of  those  treated  with  MS402  (Fig.  AE). 
Finally,  the  MS402-treated  mice  showed  a  significantly  lower 
percentage  of  IL-17-  and  IFN-y-producing  CD4+  T  cells  in  colon 
than  the  disease  mice  (Fig.  AF).  Taken  together,  these  results 
showed  that  MS402  is  effective  in  vivo,  blocking  Thl7  cell  devel¬ 
opment  required  for  T-cell  transfer-induced  colitis  in  mice. 

We  conducted  another  in  vivo  experimental  colitis  study  to  ex¬ 
plore  therapeutic  potential  of  MS402.  In  this  study  we  started 
MS402  treatment  at  week  5  when  the  Ragl~f~  mice  had  developed 
colitis,  as  judged  by  marked  weight  loss,  with  i.p.  injections  twice  a 
week  at  10  mg/kg  for  3  wk  (Fig.  44).  Notably,  the  mice  treated  with 
MS402  exhibited  a  reversal  of  weight  loss  after  1  wk  (Fig.  4G). 
Consistently,  the  MS402-treated  mice  showed  an  almost  minimal 
degree  of  inflammation  in  the  colon,  as  demonstrated  by  much 
improved  colon  length  and  appearance  (Fig.  S44),  a  lower  disease 
score  of  0-1  (Fig.  SAB),  and  markedly  reduced  inflammatory  cell 
infiltrates  in  colon  sections  as  compared  with  those  of  the  disease- 
group  mice  (Fig.  AH).  Further,  the  MS402- treated  mice  also  had  a 
lower  population  of  IFN-y-producing  CD4+  T  cells  and  exhibited  a 
much  more  dramatic  reduction  of  IL-17-producing  CD4+  T  cells  in 
colon  than  the  group  of  T-cell- transfer  disease  mice  (Fig.  AI).  It  is 
worth  noting  that  the  selectivity  of  MS402  for  TM7  over  Thl  cells 
is  more  profound  in  this  therapeutic  treatment  model  than  that  in 
the  preventive  model  (Fig.  AI  vs.  Fig.  AF).  This  differential  effect 
seems  to  be  consistent  with  the  selectivity  of  MS402  on  the  main¬ 
tenance  of  Thl7  over  Thl  cells  compared  with  broad  effects  by  pan- 
BET  inhibitor  JQ1  after  these  Th  cells  are  differentiated  ex  vivo 
from  the  mouse  primary  naive  CD4+  T  cells  (Fig.  S4C).  Finally,  the 
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Fig.  3.  Genomic  analysis  of  BET  inhibition  effects  on  gene  transcription  during  Th17  cell  differentiation.  (A)  Effects  of  MS402  and  JQ1  treatment  on  gene 
transcription  in  Th17  cell  differentiation.  Genes  are  ranked  from  most  down-regulated  to  most  up-regulated  by  compound  treatment.  Select  Th17  signature 
genes  whose  transcriptional  levels  are  affected  by  compound  treatment  are  indicated.  ( B )  MS402  and  JQ1  show  comparable  (log2)  fold  change  for  select  Th17 
signature  genes.  (C)  Immune  and  cytokine  ontologies  are  among  top-enriched  down-regulated  genes  by  MS402  or  JQ1  treatment.  (D)  Venn  diagram  analysis 
of  genes  down-  or  up-regulated  by  MS402  and  JQ1  treatment  during  Th17  differentiation.  (£)  Violin  plots  of  the  RNA-seq  data  and  profiles  of  the  ChIP-seq 
data  showing  patterns  of  perturbation  across  multiple  gene  sets  of  Th17  selective  genes,  genes  with  super  enhancers,  and  housekeeping  genes  in  Th17  cells 
upon  treatment  of  MS402  or  JQ1.  (E)  Select  RNA-seq  tracks  illustrating  changes  of  transcriptional  expression  of  Brd4  target  genes  Batf  and  Rorc  (Thl 7  se¬ 
lective  genes)  and  Oxsm  (housekeeping)  upon  the  treatment  of  MS402  or  JQ1. 


MS402-treated  mice  had  much  lower  mRNA  expression  levels  of 
key  cytokines  and  Thl7-  and  Thl-specific  transcription  factors  in¬ 
cluding  ill  7,  il21,  il22 ,  il6 ,  rorc ,  Tbet,  and  ifng  compared  with  the 
disease-group  mice  (Fig.  4/).  Collectively,  these  results  show  that 
MS402  is  an  effective  inhibitor  of  Thl7  cell  development  and 
ameliorates  adaptive  T-cell  transfer-induced  colitis  in  mice. 

Notably,  it  was  recently  reported  that  BET  inhibition  by  JQ1 
caused  an  increased  progression  of  dextran  sodium  sulfate  (DSS)- 
induced  colitis  in  mice  (34).  Although  the  acute  DSS  colitis  model 
is  useful  for  study  of  the  innate  immune  system  in  the  develop¬ 
ment  of  intestinal  inflammation,  T  and  B  cells  are  not  required  for 
the  colitis  development  in  this  model  (35).  Nevertheless,  these 
results  highlight  multifaceted  functions  of  the  BET  proteins  in 
adaptive  and  innate  immunity  and  inflammatory  pathology.  Fur¬ 
ther  investigation  is  warranted  to  determine  the  mechanistic  de¬ 
tails  of  the  BET  proteins  in  different  functional  contexts. 

In  summary,  in  this  study  we  show  that  the  BrDs  of  the  BET 
proteins  likely  have  distinct  functions  in  gene  transcription  during 
differentiation  of  naive  CD4+  T  cells  to  different  T-helper  cells,  and 
that  the  BD1  of  Brd4  is  central  to  Thl7  cell  differentiation  and  both 
BD1  and  BD2  are  important  for  Thl  and  Th2  cell  differentiation, 
whereas  neither  is  essential  for  Treg  cell  differentiation.  Notably,  the 
BET  proteins  likely  function  differently  in  Thl7  cells.  Unlike  Brd4, 
Brd2  genomic  occupancy  is  minimally  affected  by  BET  inhibition, 
whereas  as  reported  Brd3  has  little  expression  in  Thl7  cells  (28). 
Accordingly,  our  newly  designed  BDl-specific  inhibitor  MS402  is 
effective  and  sufficient  to  render  Thl7  cell  differentiation  likely 
through  blocking  Brd4  binding  to  TM7  signature  gene  loci  whose 
transcriptional  activation  is  required  for  TM7  cell  differentiation. 
We  further  showed  that  selective  chemical  inhibition  of  the  BD1  of 
Brd4  by  MS402  can  effectively  prevent  and  ameliorate  T-cell 
transfer-induced  colitis  in  mice  by  blocking  Thl7,  and  to  lesser  extent 
Thl  cell  development.  Collectively,  our  study  suggests  a  therapeutic 


strategy  of  selective  targeting  the  BD1  of  the  BET  proteins  as  a 
promising  targeted  therapy  for  inflammatory  bowel  diseases  in¬ 
cluding  colitis  that  lack  a  safe  and  effective  treatment. 

Materials  and  Methods 

Methods  and  associated  references  are  available  in  SI  Materials  and  Methods. 

Mice.  C57BL/6  wild-type,  /770_/_,  and  EB13~'~  mice  were  obtained  from  Jackson 
Laboratory. 

Compound.  The  chemical  synthesis  and  characterization  of  MS402  is  provided 
in  Scheme  SI  and  Fig.  S5. 

Cell  Sorting  and  T-Helper-Cell  Differentiation.  CD4+  T  cells  were  purified  from 
mouse  spleen  and  lymph  nodes  using  anti-CD4  microbeads  (Miltenyi  Bio¬ 
tech).  Naive  CD4+  T  cells  were  activated  with  plate-bound  anti-CD3  (1.5  (^M/mL) 
and  anti-CD28  (1.5  ^iM/mL)  plus  cytokines  IL-12  (20  ng/mL)  and  anti-IL4 
(10  |iM/mL)  for  Thl  conditions,  IL4  (20  ng/mL),  anti-ILI 2  (10  |iM/mL),  and  anti- 
IFN-y  (10  |iM/mL)  for  Th2  conditions,  IL6  (20  ng/mL)  and  TGF-(3  (2.5  ng/mL)  for 
Thl 7  conditions,  and  TGF-p  (2.5  ng/mL)  for  Treg  conditions.  The  cells  were 
cultured  for  2-3  d  before  harvesting  for  analysis.  All  cytokines  were  purchased 
from  R&D,  and  neutralizing  antibodies  were  purchased  from  BD  Pharmigen. 

Intracellular  Staining  and  Flow  Cytometry.  Cells  were  stimulated  with  phorbol 
myristate  acetate  (PMA)  and  ionomycin  for  5  h  in  the  presence  of  brefeldin  A 
before  intracellular  staining.  Cells  were  fixed  with  1C  Fixation  Buffer  (BD  Biosci¬ 
ences),  incubated  with  permeabilization  buffer,  and  stained  with  PE-anti-mouse 
IL-17,  APC-anti-IFN-y,  and  PE-Cy  5.5  anti-mouse  CD4  antibodies.  Flow  cytometry 
was  performed  on  a  FACSCalibur  and  BD  LSR  Fortessa  (BD  Biosciences). 

Real-Time  Quantitative  PCR  (qPCR).  Total  RNA  was  extracted  with  RNeasy  Mini 
Kit  (Qiagen)  and  reverse-transcribed  using  the  Superscript  III  Reverse  Tran¬ 
scriptase  (Life  Technologies).  All  qPCR  analyses  were  performed  using  Brilliant  III 
Ultra  Fast  SYBR  Green  QPCR  Master  Mix  (Agilent  Technologies).  In  gene 
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Fig.  4.  MS402  ameliorates  adaptive  T-cell  transfer-induced  colitis  in  mice.  (A)  Scheme  illustrating  the  experimental  colitis  study.  CD4+CD45RBhl  T  cells  were 
purified  from  spleens  and  lymph  nodes  of  wild-type  or  iNOS~'~  mice  and  5  x  105  cells  were  injected  (i.p.)  into  recipient  Ragl mice.  Mice  were  treated  with 
PBS  in  a  control  group  or  MS402  (10  mg/kg)  twice  a  week  starting  either  at  week  0  (a),  or  week  5  ( b )  for  7  or  3  wkf  respectively.  Body  weight  change  was 
monitored  weekly,  and  mice  were  killed  at  the  end  of  experiment  for  histology  analysis.  ( B )  Changes  in  body  weight  of  Rag1~'~  mice  (n  =  5-6  mice  per  group) 
after  i.p.  transfer  of  wild-type  CD4+CD45RBhl  T  cells  were  recorded.  MS402  treatment  started  at  week  0  for  7  wk.  Data  are  presented  as  the  mean  ±  SD  of  the 
percentage  of  initial  body  weight  and  are  representative  of  two  similar  experiments.  (C)  Changes  of  morphology  of  intestines  of  the  RagV'~  mice  with  and 
without  MS402  treatment  as  in  B.  (D)  Disease  score  assessing  efficacy  of  MS402  treatment  as  in  B  on  ameliorating  inflammation  of  colitis  in  mice.  The  in¬ 
flammation  grading  was  graded  on  a  scale  of  0-3:  negative  (0),  no  inflammation;  mild  (1),  mild  and  patchy;  moderate  (2),  most  crypts  involved  by  in¬ 
flammation;  or  severe  (3),  crypt  abscess,  ulceration,  erosion,  or  submucosal  involvement.  The  inflammation  cells  are  most  lymphocytes  with  some  neutrophils. 
(£)  Images  showing  H&E  staining  of  large  intestines  of  the  RagV'~  mice  with  or  without  MS402  treatment  as  in  B.  ( F )  Flow  cytometry  analysis  of  CD4+IL17+ 
and  CD4+IFNy+  T  cells  in  large  intestine  from  the  Rag1~'~  mice  treated  with  or  without  MS402  treatment  as  in  B.  All  results  are  statistically  significant  ( P  <  0.05) 
and  are  representative  of  more  than  two  independent  experiments.  (G)  Body  weight  change  over  time  after  CD4+  T  cells  injected  into  recipient  RagV'~  mice 
with  and  without  MS402  treatment,  as  indicated  by  a  red  arrow  (i.e.,  started  at  week  5  until  week  8).  ( H )  Images  showing  H&E  staining  of  large  intestines  of  the 
Rag1~'~  mice  with  or  without  MS402  treatment  as  in  G.  (/)  Flow  cytometry  analysis  of  CD4+IL17+  and  CD4+IFNy+  T  cells  in  large  intestine  from  the  Rag1~'~  mice 
treated  with  or  without  MS402  starting  at  week  5  as  in  G.  All  results  are  statistically  significant  (P  <  0.05)  and  are  representative  of  more  than  two  independent 
experiments.  (7)  mRNA  levels  of  Th17  and  Thl -specific  genes  measured  in  the  RagV'~  mice  treated  with  or  without  MS402  starting  at  week  5  as  in  G. 


expression  analysis  all  data  were  normalized  with  Actin/Gapdh  and  represented 
relative  to  the  control  sample  (fold  change).  For  ChIP-qPCR  relative  occupancies 
were  calculated  as  ratio  of  the  amount  of  immunopreciptated  DNA  to  that  of  the 
input  sample  (percent  input).  Measurements  were  performed  in  duplicate,  and 
error  bars  denote  experimental  SDs.  Results  are  representative  of  more  than  two 
independent  experiments.  Primer  sequences  are  available  in  Table  S2. 

ELISA.  All  ELISA  kits  were  purchased  from  eBioscience  and  experiments  were 
performed  according  to  protocols  provided  by  the  manufacturer.  Briefly,  super¬ 
natants  of  samples  were  incubated  in  plates  coated  with  capture  antibody.  De¬ 
tection  antibody  was  added  after  a  total  of  five  washes.  Avidin-HRP  was  then  added 
after  a  total  of  five  washes.  Plates  were  read  at  450  nm  after  addition  of  substrate 
solution  and  stop  solution.  Concentration  of  the  cytokines  in  samples  was  calculated 
with  reference  to  the  absorbance  value  obtained  from  the  standard  curve. 

CHIP.  Cells  were  chemically  cross-linked  with  1%  formaldehyde  solution  for 
1 0  min  at  room  temperature  followed  by  the  addition  of  2.5  M  glycine  (to  a 
final  concentration  of  125  mM)  for  5  min.  Cells  were  rinsed  twice  with  cold 
lx  PBS  and  then  lysed  in  Szak's  RIPA  buffer  [150  mM  NaCI,  1%  Nonidet  P-40, 
0.5%  deoxycholate,  0.1%  SDS,  50  mM  TrisHCI,  pH  8,  5  mM  EDTA,  Protease 
Inhibitor  mixture  (Roche),  and  10  mM  PMSF].  Cells  were  then  sonicated  using 
sonicator  (QSonica)  for  10  pulses  of  15  s  at  a  voltage  of  70  V,  followed  by  a 
1-min  rest  on  ice.  Sonicated  chromatin  was  cleared  by  centrifugation.  The 
resulting  chromatin  extract  was  incubated  overnight  at  4  °C  with  appropriate 
primary  antibody  (anti-Brd4  or  IHC-00396)  and  25  |iL  of  Protein  G  and  25  |iL  of 
Protein  A  magnetic  beads  (Dynabeads;  Life  Technologies).  Beads  were  washed 
two  times  with  incomplete  Szak's  RIPA  buffer  (without  PMSF  and  Protease 
Inhibitor  mixture),  four  times  with  Szak's  IP  Wash  Buffer  (100  mM  Tris  HCI,  pH 


8.5,  500  mM  LiCI,  1%  Nonidet  P-40,  and  1%  deoxycholate),  then  twice  again 
with  incomplete  RIPA  buffer  and  twice  with  cold  lx  Tris-EDTA.  Complexes 
were  eluted  from  beads  in  Talianidis  Elution  Buffer  by  heating  at  65  °C  for 
10  min  and  then  by  adding  NaCI  to  a  final  concentration  of  200  mM  and  re¬ 
verse  cross-linking  was  performed  overnight  at  65  °C.  Input  DNA  was  concur¬ 
rently  treated  for  cross-link  reversal.  Samples  were  then  treated  with  RNaseA 
and  proteinase  K  for  an  hour,  extracted  with  phenol/chloroform,  and  ethanol- 
precipitated.  The  pellet  was  resuspended  in  water  and  used  for  subsequent 
ChIP-seq  library  preparation  or  analyzed  by  qPCR  as  described  above. 

T-Cell-Transfer  Colitis  Studies  and  Histopathology.  T-cell-transfer  colitis  was 
performed  as  previously  described  (36,  37).  Briefly,  purified  CD4+CD45RBhl  T  cells 
from  C57/B6  mice  were  injected  i.p.  into  Rag1~'~  recipients  (5  x  105  cells  per 
mouse  in  200  \iL  sterile  PBS  per  injection).  Mice  were  weighed  every  week 
throughout  the  course  of  experiments.  After  5-7  wk,  mice  were  killed  and  colon 
tissues  were  excised.  Tissues  were  fixed  in  10%  (vol/vol)  buffered  formalin  and 
paraffin-embedded.  The  sections  (5  \im)  of  tissue  samples  were  stained  with  H&E. 
All  of  the  slides  were  read  and  scored  by  an  experienced  pathologist  without 
previous  knowledge  of  the  type  of  treatment.  The  degree  of  inflammation  in  the 
epithelium,  submucosa,  and  muscularis  propria  was  scored  separately. 

Sequencing  Library  Preparation  and  Sequencing.  ChIPed-DNA  was  end-repaired 
with  T4  DNA  polymerase  and  polynucleotide  kinase.  An  A-base  was  added  to 
the  end-repaired  DNA  fragments.  Solexa  adaptors  were  ligated  to  the  DNA 
fragments  and  200-  to  300-bp  size  fractions  were  obtained  using  E-gel  (Life 
Technologies).  Adaptor-modified  fragments  were  enriched  by  18  cycles  of  PCR 
amplification.  The  DNA  library  prep  was  validated  in  Bioanalyzer  for  quantity 
and  size.  The  input-  and  ChIPed-DNA  libraries  were  sequenced  on  the  lllumina 


Cheung  et  al. 


PNAS  Early  Edition  |  5  of  6 


IMMUNOLOGY  AND 
INFLAMMATION 


HiSeq2000  platform  with  50-bp  read  length  in  a  single  end  mode.  RNA-seq 
libraries  were  prepared  from  TRIzol-extracted  RNA  samples  from  which  rRNA 
was  removed  using  Ribo-ZeroTM  and  following  the  TruSeq  Stranded  Total  RNA 
Sample  Prep  kit  protocol  (lllumina).  The  input-  and  ChIP-DNA  libraries  were 
sequenced  on  the  lllumina  HiSEq.  2000  platform  with  50-bp  read  length  in  a 
single  end  mode.  Sequencing  of  RNA  libraries  was  performed  on  the  lllumina 
HiSEq.  2000  platform  with  100-bp  read  length  in  a  paired  end  mode.  All  ChlP- 
seq  and  RNA-seq  data  in  this  study  are  deposited  in  the  Gene  Expression 
Omnibus  under  the  accession  nos.  GSE90788  and  GSE95052,  respectively. 

Bioinformatics  Analysis.  For  ChIP-seq  analysis  the  input  and  ChIP  samples  were 
sequenced  by  lllumina  HiSeq200.  After  QC  filtering  by  FASTAX  (hannonlab.cshl. 
edu/fastx_toolkit/),  only  the  reads  with  a  quality  score  Q20  in  at  least  90%  bases 
were  included  for  analysis.  The  reads  from  both  input  and  ChIP  samples  were 
filtered  and  trimmed  using  Trimmomatic  (38)  and  then  aligned  to  mm9  refer¬ 
ence  genome  using  Bowtie.  The  peaks  in  the  ChIP  sample  in  reference  to  the 
input  sample  were  called  from  read  alignments  by  MACS  algorithm  (vl.4)  and 
then  the  distance  to  the  closest  transcription  start  site  (TSS)  was  annotated  from 
genome  mapping  information  of  RefSeq  transcripts.  Genes  associated  with 
peaks  were  annotated  (amp.pharm.mssm.edu/Enrichr/).  Peaks  were  chosen  with 
the  criteria  false  discovery  rate  (FDR)  <0.01  and  P  value  <0.005.  ChIP-seq  from 
published  work  was  taken  from  GSE60482  (Th17  p300)  (15,  39).  This  was  treated 
the  same  as  in-house-generated  ChIP-Seq.  Finally,  the  alignment  and  coverage  of 
ChIPseq  data  were  visualized  by  Integrative  Genomics  Viewer  (software. broad- 
institute.org/software/igv/).  Gene  annotation  and  pathway  analysis  of  the  iden¬ 
tified  genes  was  performed  using  the  Database  for  Annotation,  Visualization 
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SI  Materials  and  Methods 

Protein  Preparation.  Expression  and  purification  of  the  recombi¬ 
nant  human  bromodomains  of  BAZ2B,  BPTF,  BRD4,  BRD7, 
PCAF,  and  SMARCA4  in  poly-His-tag  form  were  carried  out  using 
a  previously  described  procedure  (44,  45).  Isotope-labeled  protein 
samples  of  the  BrDs  were  prepared  from  HeLa  cells  grown  in  a 
minimal  medium  containing  15NH4C1  with  or  without  13C6-glucose 
in  either  H20  or  75%  2H20.  The  protein  was  purified  by  affinity 
chromatography  on  a  nickel-IDA  column  (Life  Technolgies), 
followed  by  the  removal  of  poly-His  tag  by  thrombin  cleavage. 

Fluorescence  Anisotropy  Binding  Assay.  Binding  affinity  of  MS402 
for  various  human  BrDs  was  assessed  in  a  fluorescence  anisotropy 
competition  assay  using  an  FITC-labeled  MS417  as  an  assay 
probe  as  described  previously  (45).  Competition  experiments 
were  performed  with  a  BrD  protein  (0.25-1  pM)  and  the  fluo¬ 
rescent  probe  (80  nM)  and  increasing  concentration  of  unlabeled 
competing  ligand  in  a  PBS  buffer  (pH  7.4)  in  total  volume  of 
80  pL.  Measurements  were  obtained  after  a  1-h  incubation  of  the 
fluorescent  ligand  and  the  protein  at  25  °C  with  a  Safire  2 
microplate  reader  (Tecan).  In  a  competition-binding  assay, 
fluorescent  ligand  concentration  was  <2  Kd,  and  protein  con¬ 
centration  was  set  at  which  50-80%  of  fluorescent  ligand  is 
bound.  The  dissociation  constant  of  a  competing  ligand  was 
calculated  with  the  correction  to  the  Cheng-Prussoff  equation 
introduced  by  Nicolovska-Coleska  et  al.  (46).  Assuming  one-site 
competitive  binding  model,  the  equation  used  to  calculate  K[S 
from  IC50  values  recovered  from  fitting  data  using  Prism  is 


,  Pso] 


where  [I50]  is  the  concentration  of  free  inhibitor  at  50%  inhibi¬ 
tion,  [L50]  is  the  concentration  of  free  labeled  ligand  at  50% 
inhibition,  and  [P0]  is  the  concentration  of  free  protein  at  0% 
inhibition.  Note  that  Kd  for  each  protein-probe  pair  is  the  limit 
of  resolvable  in  a  competition  assay. 

Thermal  Shift  Assay  Assessing  Protein/Ligand  Binding.  Thermal 
melting  experiments  were  carried  out  using  a  reported  procedure 
(47)  in  an  Mx3005p  Realtime  PCR  machine  (Agilent).  The 
protein  sample  (10  pM)  was  mixed  with  MS402  (10  pM)  in  20  pL 
of  Hepes  buffer  (10  mM)  of  pH  7.5  containing  500  pM  NaCl, 
and  the  assay  was  carried  out  in  a  96-well  plate.  SYPRO  Orange 
(Sigma  Aldrich)  was  added  as  fluorescence  probe  at  a  dilution  of 
1:1,000.  Excitation  and  emission  filters  for  SYPRO  Orange  dye 
were  set  to  465  nM  and  590  nM,  respectively.  The  temperature 
was  raised  with  a  step  of  3  °C/min  from  25  °C  to  95  °C  and  a 
fluorescence  reading  was  taken  at  each  interval.  The  fluorescent 
data  were  fitted  to  a  Boltzmann  sigmoidal  equation  (47)  using 
Prism:  y  =  bottom  +  (top  -  bottom)/[l  +  exp(Tm  -  x/slope)], 
where  y  is  fluorescence  emission  in  arbitrary  units,  x  is  tempera¬ 
ture,  bottom  is  baseline  fluorescence  at  low  temperature,  top  is 
maximal  fluorescence  at  the  top  of  the  dataset,  slope  describes  the 
steepness  of  the  curve,  and  Tm  is  the  melting  temperature  of  the 
protein.  The  observed  temperature  shifts,  ATm,  were  recorded  as 
Tm  difference  without  or  with  MS402  in  the  protein  sample. 

Protein  Crystallization  and  X-Ray  Diffraction  Data  Collection.  Purified 
BRD4-BD1  (16  mg/mL)  was  mixed  with  MS402  at  1:5  molar  ratio 
of  protein :ligand.  The  complex  was  crystallized  using  the  sitting 


drop  vapor  diffusion  method  at  20  °C  by  mixing  1  pL  of  protein 
solution  with  1  pL  of  the  reservoir  solution  that  contains  4.3  M  of 
sodium  chloride  and  Hepes-NaOH,  pH  7.5.  Crystals  were  soaked 
in  the  corresponding  mother  liquor  supplemented  with  20% 
ethylene  glycerol  as  cryoprotectant  before  freezing  in  liquid  ni¬ 
trogen.  X-ray  diffraction  data  were  collected  at  100  K  at  beamline 
X6A  of  the  National  Synchrotron  Light  Source  at  Brookhaven 
National  Laboratory.  Data  were  processed  using  the  HKL-2000 
suite  (48).  The  BRD4-BD1  structure  was  solved  by  molecular 
replacement  using  the  program  MOLREP  (49),  and  the  struc¬ 
ture  refinement  was  done  using  the  program  Refmac  (50).  The 
graphics  program  Coot  (51)  was  used  for  model  building  and 
visualization.  Crystal  diffraction  data  and  refinement  statistics 
for  the  structure  are  displayed  in  Table  SI. 

Chemical  Synthesis.  All  reactions  were  carried  out  in  oven-dried 
glassware  under  an  atmosphere  of  argon.  Liquid  chromatography 
mass  spectra  (LCMS)  analysis  was  conducted  from  a  computer 
running  Agilent  Technologies  MassHunter  A02.02  software 
interfaced  to  a  1200  HPLC  system  and  G1969A  high-resolution 
atmospheric  pressure  interface  time-of-flight  mass  spectrometer. 
HPLC  conditions  are  as  follows:  Zorbax  300SB-C18  narrow-bore 
column  (2.1  x  150  mm,  5  pm),  held  constant  at  45  °C;  flow  rate  = 
0.4  mL/min;  solvent  (A)  =  H20: acetonitrile  (9:1)  containing 
formic  acid  (0.1%);  solvent  (B)  =  H20: acetonitrile  (1:9)  con¬ 
taining  formic  acid  (0.1%);  solvent  B  %  (time)  =  1%  (0-1  min), 
1-99%  (1-4  min),  99%  (4-8  min).  Sample  ionization:  Electrospray 
ionization,  positive  mode;  gas  temperature  =  350  °C;  drying  gas  = 
11.0  L/min;  nebulizer  =  45  psig;  capillary  =  4.0  kV.  Mass  spectra 
data  processing  was  conducted  using  Analyst  QS  1.1  software. 
Theoretical  mass  to  charge  ratios  were  calculated  using  Chem- 
Draw  software.  In  relevant  cases  identifiable,  radical  cation  of  mass 
plus  hydrogen,  [M+H]+;  mass  plus  sodium,  [M+Na]+;  two  masses 
plus  hydrogen,  [2M+H]+;  and  two  masses  plus  sodium,  [2M+Na]+ 
data  were  recorded.  Proton  (1H)  and  carbon  (13C)  NMR  spectra 
were  acquired  on  a  Bruker  DRX-600  spectrometer  at  600  and 
125  MHz,  respectively.  Chemical  shifts  were  expressed  in 
parts  per  million  downfield  from  tetramethylsilane  (TMS  0.03%, 
3H  =  0  ppm),  or  the  solvent  resonance  as  an  internal  standard 
D6-DMSO  (13C  =  39.5  ppm).  Signals  were  reported  as  chemical 
shift  [multiplicity  (s,  singlet;  d,  doublet;  m,  multiplet;  and  br, 
broad),  coupling  constant,  integration].  The  high-resolution  mass 
spectrometer  (HRMS)  result  was  obtained  from  the  Mass 
Spectrometer  Core  Facility  at  Columbia  University  using  a  HX- 
110  double-focusing  high-resolution  mass  spectrometer  (JEOL 
Ltd.)  with  10-kV  acceleration  voltage,  fast  atom  bombardment 
ionization  Xe,  and  3-kV  collision  energy. 

The  synthesis  of  5  (MS402)  [3-chloro-A-(4-methoxyphenyl)-4- 
((2-methyl-3-oxocyclopent-l-en-l-yl)amino)benzamide]  was  carried 
out  by  following  the  reaction  steps  outlined  in  Scheme  SI. 

Synthesis  of  3-Chloro-4-Formamidobenzoic  Acid  (2).  Formic  acid 
(18.1  mL,  40  eq)  and  acetic  anhydride  (11.3  mL,  10  eq)  were 
mixed  and  heated  to  50  °C  for  1  h.  Then  4-amino-3-chlorobenzoic 
acid  (1,  2.06  g,  12.0  mmol,  1  eq)  was  added  and  the  whole  was 
heated  to  65  °C  for  2  h.  The  reaction  mixture  was  allowed  to  cool 
to  room  temperature  and  then  poured  into  ice-cold  H20.  The 
precipitate  was  collected  by  filtration,  washed  with  H20,  and 
dried  on  the  frit.  This  method  yielded  2.2  g  (92%  yield)  of  white 
microcrystals  from  precipitate. 

Melting  point  (m.p.):  227-229  °C;  'H-NMR  (600  MHz,  dg-DMSO) 
5  13.19  ppm  (s,  1H),  10.15  (d,  J  =  2.1  Hz,  1H),  8.43  (d,  J  =  0.6  Hz, 
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1H),  8.38  (d,  /  =  8.6  Hz,  1H),  7.96-7.97  (m,  1H),  7.90  (dd,  J  =  8.5, 
1.4  Hz,  1H);  13C-NMR  (125  MHz,  dg-DMSO)  5  166.2, 161.3, 138.6, 
130.7, 129.4, 127.5, 122.8, 122.0;  LCMS  t  =  3.0  min,  (m/z):  [M+H]+ 
calculated  for  C8H7C1N03,  200.0114;  found,  200.0115;  [2M+H]+ 
calculated  for  Ci6H13C12N206,  399.0151;  found,  399.0149; 
[2M+Na]+  calculated  for  Ci6H12Cl2N2Na06,  420.9970;  found, 
420.9963. 

Synthesis  of  3-Chloro-4-Formamido-/V-(4-Methoxyphenyl)Benzamide  (3). 

Af-methylmorpholine  (0.95  mL,  1.2  eq)  and  isobutylchloroformate 
(1.12  mL,  1.2  eq)  were  added  to  2  (1.44  g,  7.2  mmol)  stirring  in  CH2Q2 
(30  mL),  in  a  screw-capped  vial.  After  stirring  for  30  min,  /?-anisidine 
(1.06  g,  1.2  eq)  and  a  second  aliquot  of  A-methylmorpholine  (0.95  mL) 
were  added.  The  vial  was  sealed  and  stirred  at  room  temperature  for 
18  h.  The  precipitate  was  filtered  and  rinsed  with  CH2Q2,  H20  and 
diethyl  ether.  The  method  yielded  1.75  g  (80%  yield)  of  white  mi¬ 
crocrystals  from  precipitate. 

m.p.:  238-240  °C;^H-NMR  (600  MHz,  d6-DMSO)  5  10.16  ppm 
(s,  1H),  10.11  (s,  1H),  8.43  (s,  1H),  8.34  (d,  J  =  8.4  Hz,  1H),  8.11 
(s,  1H),  7.93  (d  ,J=  8.4  Hz,  1H),  7.66  (d,/  =  8.7  Hz,  2H),  6.93  (d, 
/  =  8.8  Hz,  2H),  3.75  (s,  3H);  13C-NMR  (425  MHz,  dg-DMSO)  6 
163.5,  161.2,  156.0.5,  137.4,  132.4,  131.6,  129.1,  127.7,  123.0,  122.5 
(2C),  122.1,  114.2  (2C),  55.6;  LCMS  t  =  4.0  min,  (m/z):  [M+H]+ 
calculated  for  C15H14C1N203,  305.0693;  found,  305.0690; 
[M+Na]+  calculated  for  C15H13ClN2Na03,  327.0512;  found 
327.0498;  [2M+H]+  calculated  for  C3oH27Cl2N406,  609.1308; 
found,  609.1304;  [2M+Na]+  calculated  for  C3oH26Cl2N4Na06, 
631.1127;  found,  631.1133. 

Synthesis  of  4-Amino-3-Chloro-/V-(4-Methoxyphenyl)Benzamide  (4). 

Acetyl  chloride  (10.9  mL,  14  eq)  was  added  to  a  CH2Cl2:MeOH 
(50  mL,  1:1)  mixture  at  0  °C,  followed  by  3  (3.35  g,  11.0  mmol). 
After  warming  to  room  temperature,  the  hydrochloride  salt  was 
collected  by  filtration  and  dried  on  the  frit.  Method  yielded  2.77  g 
of  white  microcrystals  (80%  yield)  from  precipitate.  The  salt  was 
added  to  saturated  aq  Na2C03  (50  mL)  and  the  free  base  was 
extracted  with  CH2C12  (3  x  30  mL)  and  EtOAc  (30  mL).  The  or¬ 
ganic  layers  were  combined,  dried  over  sodium  sulfate,  filtered,  and 
concentrated  on  the  rotovap. 


m.p.:  144-146  °C;  'H-NMR  (600  MHz,  d6-DMSO)  5  9.81  ppm 
(s,  1H),  7.90  (d  J  =  2.0  Hz,  1H),  7.70  (dd,  J  =  8.5,  2.0  Hz,  1H), 
7.64  (m,  2H),  6.91  (m,  2H),  6.83  (d,  /  =  8.5  Hz,  1H),  6.0  (s,  2H), 
3.74  (s,  3H);  13C-NMR  (125  MHz,  d6-DMSO)  6  164.1,  155.7, 

148.1,  132.9,  129.2,  128.2,  122.9,  122.2  (2C),  116.5,  114.5,  114.1 
(2C),  55.6;  LCMS  t  =  4.1  min,  (m/z):  [M+H]+  calculated  for 
Ci4H14C1N202,  277.0744;  found,  277.0744;  [M+Na]+  calculated 
for  C14H13ClN2Na02,  299.0563;  found  299.0552;  [2M+H]+  calcu¬ 
lated  for  C2gH27Cl2N404,  553.1409;  found,  553.1411;  [2M+Na]+ 
calculated  for  C28H26a2N4Na04,  575.1229;  found,  575.1228. 

Synthesis  of  3-Chloro-/V-(4-Methoxyphenyl)-4-((2-Methyl-3-Oxocydopent- 
1 -en-1 -yl)Amino)Benzamicle  (5,  MS402).  The  2-methyl- 

1,3-cyclopentandione  (1.17  g,  10.4  mmol)  and  4  (3.26  g,  10.4  mmol) 
were  heated  to  reflux  in  toluene  (200  mL).  Upon  reflux  the  solution 
was  removed  from  heating,  and  p-toluene  sulfonic  acid  (p-TSA)  as 
an  acid  catalyst  was  added.  The  apparatus  was  equipped  with  a 
Dean-Stark  condenser  and  returned  to  reflux  for  18  h.  The  solvent 
was  removed  on  the  rotovap  and  the  subsequent  crude  material  was 
recrystallized  from  the  indicated  solvent.  The  method  yielded  2.7  g 
(70%  yield),  after  recrystallization  from  AcOH,  followed  by  re¬ 
crystallization  from  MeOH. 

m.p.:  225-226  °C;  'H-NMR  (600  MHz,  d6-DMSO)  6  10.21 
ppm  (s,  1H),  8.96,  (s,  1H),  8.12  (d  ,J=  1.4  Hz,  1H),  7.92-7.94  (m, 
1H),  7.66  (d,  J  =  8.9  Hz,  2H),  7.48  (d,  J  =  8.3  Hz,  1H),  6.94  (d,  J  = 
8.9  Hz,  2H),  3.75  (s,  3H),  2.49-2.51  (m,  2H),  2.22-2.46  (m,  2H), 
1.48  (s,  3H);  13C-NMR  (125  MHz,  d6-DMSO)  5  202.7,  168.8, 

163.1,  155.7,  139.3,  133.0,  131.9,  128.9,  128.8,  127.2,  127.1,  122.0 
(2C),  113.8  (2C),  110.7,  55.2,  32.7,  25.7,  7.6;  LCMS  t  =  4.2  min, 
(m/z):  [M+H]+  calculated  for  C20H20ClN2O3,  371.1162;  found, 
371.1166;  [M+Na]+  calculated  for  C2()HiyClN2Na03,  393.0982; 
found  393.0978;  [2M+H]+  calculated  for  C40H39Cl2N4O6,  741.2247; 
found,  741.2252;  [2M+Na]+  calculated  for  C40H38Cl2N4NaO6, 
763.2066;  found,  763.2054;  HRMS  (m/z):  [M+H]+  calculated  for 
C20H20ClN2O3,  371.1162;  found  371.1158. 

The  XH  and  13C  NMR  spectra  of  compound  5  (MS402)  are 
shown  in  Fig.  S5. 
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Fig.  SI.  MS402,  a  BD1 -selective  BET  bromodomain  inhibitor.  (>4)  Binding  affinity  of  MS402  to  BrDs  that  represent  different  subgroups  of  the  human  BrD 
family,  as  determined  in  a  fluorescence  anisotropy  assay.  See  experimental  details  in  SI  Materials  and  Methods.  ( B )  Characterization  of  MS402  binding  to 
representative  human  BrDs,  as  assessed  by  measuring  protein  thermal  stability  with  and  without  the  presence  of  the  chemical  ligand.  The  results  are  depicted 
in  the  phylogenetic  tree  of  the  human  BrD  family  with  dots  that  are  color-coded  for  high  affinity  (red),  modest  affinity  (blue),  or  low  or  no  binding  (gray).  PCAF 
is  also  known  as  histone  acetyltransf erase  KAT2B.  (C)  Sequence  alignment  of  BET-BD1  and  BD2  using  the  UniProt  database  and  the  PROMALS3D  server.  The 
conserved  Asn  and  the  gatekeeper  residue  in  ocC  are  highlighted  with  green  and  blue  background,  respectively.  The  WPF  shelf  residues  are  highlighted  in 
yellow  and  the  key  residue  Gln85  is  colored  in  red  for  BRD4-BD1  and  its  counterpart  Lys  in  BRD4-BD2  is  in  blue.  (D)  (Left)  A  detailed  view  of  the  polar  in¬ 
teractions  engaged  by  MS402  with  binding  site  residues  of  BRD4-BD1 .  Hydrogen  bonds  are  shown  by  dashed  lines.  (Right)  Superimposition  of  MS402  bound  to 
BRD4-BD1  (5E87,  colored  in  white)  with  BRD4-BD2  (2YEM,  colored  in  cyan). 
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Fig.  S2.  BET  proteins  control  gene  transcriptional  programs  in  cell  differentiation  of  T-helper  cells.  (A)  Naive  CD4+  T  cells  isolated  from  spleen  and  lymph 
nodes  and  stimulated  to  proliferate  with  plant-bound  anti-CD3  plus  anti-CD28  for  72  h  under  different  concentrations  of  MS402.  ( B )  Flow  cytometry  analysis  of 
mouse  primary  naive  CD4+  T  cells  purified  from  spleens  and  lymph  nodes  of  C57BL/6  mice  and  differentiated  under  ThO,  Thl,  and  Th17  polarization  conditions 
after  3  d  with  and  without  MS41 7  added  daily  at  1 00  nM  or  250  nM.  (C)  Flow  cytometry  analysis  of  mouse  primary  naive  CD4+  T  cells  purified  from  spleens  and 
lymph  nodes  of  C57BL/6  mice  and  differentiated  under  ThO,  Thl,  and  Thl  7  polarization  conditions  after  3  d  with  and  without  JQ1  added  daily  at  100  nM  or  500 
nM.  (D)  Flow  cytometry  analysis  of  mouse  primary  naive  CD4+  T  cells  purified  from  spleens  and  lymph  nodes  of  C57BL/6  mice  and  differentiated  under  ThO,  Thl, 

Legend  continued  on  following  page 
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and  Thl  7  polarization  conditions  after  3  d  with  and  without  IBET762  added  daily  at  100  nM  or  500  nM.  (£)  Flow  cytometry  analysis  of  mouse  primary  naive 
CD4+  T  cells  purified  from  spleens  and  lymph  nodes  of  C57BL/6  mice  and  differentiated  under  ThO,  Thl  and  Th17  polarization  conditions  after  3  d  with  and 
without  a  selective  CBP  BrD  inhibitor,  SGC-CBP30  added  daily  at  100  nM  or  500  nM.  (E)  Effects  of  MS402  treatment  on  mRNA  expression  levels  of  additional 
Th17-specifying  transcription  factors  and  cytokines  after  3-d  Thl  7-specific  cell  differentiation  from  mouse  primary  naive  CD4+  T  cells  in  a  dose-dependent 
manner.  (G)  ChIP-seq  tracks  of  Stat3  on  ill  7a-f  and  rorc  gene  loci  in  Thl  7  cells  (Upper)  and  ChIP-qPCR  analysis  of  Stat3,  Brd4,  Brd2,  Pol  II,  Pol  I IS2P,  and  Cdk9  in 
Thl 7  cells  treated  with  and  without  MS402  (3  \iW\)  (Lower).  Statistically  significant  (*P  <  0.05)  results  are  annotated.  All  results  are  representative  of  more  than 
two  independent  experiments.  (H)  (Upper)  Naive  CD4+  T  cells  of  /770_/_  mice  were  differentiated  under  ThO  and  Thl 7  polarizing  conditions.  Thl 7  cells  were 
treated  with  or  without  MS402  (500  nM).  After  in  vitro  culturing  for  3  d  the  cells  were  restimulated  with  PMA/ionomycine  for  6  h,  stained  for  intracellular  IL-17 
for  flow  cytometry  analysis.  (Lower)  A  similar  experiment  was  performed  under  Thl  polarizing  conditions  to  assess  MS402's  effect  on  IFN-y-producing  CD4+ 
cells.  (/)  Naive  CD4+  T  cells  isolated  from  EBI3~ mice  were  differentiated  under  Thl  or  Thl 7  polarizing  conditions.  Thl 7  cells  were  treated  with  or  without 
MS402  added  daily  at  concentration  of  100  or  500  nM.  After  in  vitro  culturing  for  3  d  the  cells  were  restimulated  with  PMA/ionomycine  for  6  h,  and  real-time 
PCR  was  performed  for  detection  of  mRNA  expression  of  Thl  7  and  Thl  cytokines  and  transcription  factors.  In  addition,  supernatants  were  harvested  and  IL-17 
production  was  analyzed  by  ELISA. 
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Fig.  S3.  Genomic  analysis  of  BET  inhibition  effects  on  gene  transcription  in  Th17  cell  differentiation.  (>4)  Principal  component  analysis  plot  showing  the  re¬ 
producibility  of  each  RNA-seq  experiment.  JQ1  and  MS402  samples  also  cluster  together  along  the  PCI  axis.  ( B )  Scatter  plot  of  log-fold  change  of  genes  altered 
by  JQ1  and  MS402  treatment  illustrating  a  similar  pattern  of  change  for  all  affected  genes.  (C)  TSS  profiles  of  Brd4  occupancy  at  all  genes  before  and  after  JQ1 
and  MS402  treatment  showing  Brd4  displacement  by  the  compounds.  (D)  A  group  of  375  genes  is  up-regulated  twofold  in  Th17  cells  compared  with  Thl  and 
Th2  cells.  This  set  is  used  in  Fig.  3 B.  ( E )  Genes,  up-regulated  by  MS402  and  JQ1  treatment,  are  enriched  for  similar  ontologies,  including  developmental  genes  as 
well  as  genes  involved  in  chromatin  maintenance.  (F)  Super  enhancers  discovered  using  a  ROSE-type  algorithm  on  p300  peaks  in  Thl 7  cells.  Over  750  genes  in 
proximity  to  super  enhancers  were  discovered,  with  the  top  10  labeled.  (G)  Treatment  by  JQ1  and  MS402  demonstrates  a  similar  pattern  in  down-regulation  of 
the  majority  of  super-enhancer  genes,  as  identified  in  C.  ( H )  Treatment  by  JQ1  alters  a  representative  set  of  100  housekeeping  genes  in  greater  fashion 
compared  with  MS402.  Both  compounds,  however,  demonstrate  similar  trends  in  up-regulation  and  down-regulation  of  these  housekeeping  genes.  This  set 
was  used  for  analysis  in  Fig.  3 B. 
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Fig.  S4.  MS402  ameliorates  adoptive  T-cell  transfer-induced  colitis  in  mice.  (7\)  Changes  of  morphology  of  intestines  of  the  Rag1~'~  mice  with  and  without 
MS402  treatment  started  at  week  5  until  week  8,  as  indicated  in  Fig.  4A  ( B )  Disease  score  assessing  efficacy  of  MS402  treatment  as  in  A  on  ameliorating 
inflammation  of  colitis  in  mice.  The  inflammation  grading  was  graded  on  a  scale  of  0-3:  negative  (0),  no  inflammation;  mild  (1),  mild  and  patchy;  moderate  (2), 
most  crypts  involved  by  inflammation;  or  severe  (3),  crypt  abscess,  ulceration,  erosion,  or  submucosal  involvement.  The  inflammation  cells  are  most  lym¬ 
phocytes  with  some  neutrophils.  (C)  Flow  cytometry  analysis  assessing  the  effects  of  MS402  or  JQ1  treatment  (24  h  at  the  indicated  concentrations)  on  the 
maintenance  of  Thl 7  and  Thl  cells  after  being  differentiated  from  mouse  primary  naive  CD4+  T  cells  purified  from  spleens  and  lymph  nodes  of  C57BL/6  mice 
under  Thl  7  and  Thl  polarization  conditions  after  3  d.  These  results  are  statistically  significant  (P  <  0.05)  and  are  representative  of  more  than  two  independent 
experiments. 
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Fig.  S5.  NMR  spectra  of  compound  5,  MS402.  (>4)  The  'H  and  ( B )  13C  NMR  spectra  of  MS402  in  d6-DMS0,  collected  on  a  600-MHz  Bruker  NMR  spectrometer  at 
room  temperature. 


Cheung  et  al.  www.pnas.org/cgi/content/short/161 5601 1 14 


12  of  14 


Cl 


HC02H  40  eq 
Ac20  1 0  eq 


50-65  °C,  3h 


Dean-Stark 
p-TSA 
Toluene 
reflux,  18h 


Scheme  SI.  Synthetic  scheme  of  MS402. 


Table  SI.  Crystallography  data  and  refinement  statistics  of  the 
BRD4-BD1/MS402  complex  structure 

Parameters  BRD4-BD1/MS402 


Data  collection 

Space  group 

P32 

Cell  dimensions 

a,  b,  c,  A 

47.66,  47.66,  124.21 

a,  p,y 

90,  90,  120 

Resolution,  A  (highest-resolution  shell) 

23.8-1.5  (1.54-1.5) 

Measured  reflections 

276,330 

Unique  reflections 

48,479 

Emerge 

6.0  (43.9) 

//a 

40.1  (3.1) 

Completeness,  % 

96.3  (90.9) 

Redundancy 

5.7  (5.6) 

Refinement 

Resolution,  A 

23.8-1.5 

No.  of  reflections 

45,565 

^work/  ^free#  % 

14.1/18.1 

No.  of  atoms 

Protein 

1,043 

Compound 

26 

Water 

217 

B -factors.  A2 

Protein 

20.2 

Compound 

17.6 

Water 

40.6 

Rmsd 

Bond  lengths,  A 

0.021 

Bond  angles,  0 

1.97 

Ramachandran  plot,  %  residues 

Favored 

99.2 

Additional  allowed 

0.8 

Generously  allowed  0 

Disallowed  0 


AcCI  14  eq 
CH2CI2:MeOH  (1:1) 
0°C  tort,  1h 
Na2C03  work-up 
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Table  S2.  Primers  used  for  RT-qPCR  analysis 

Primers  Forward 


RT-PCR  primers 
GAPDH 
Brd2 
Brd3 
Brd4 
I  LI  7a 
IL17f 
IL21 
Rorc 
IFNg 
Tbx21 
IL4 

ChIP-qCPR  primers 
IL 1 7-p  1 
IL 1 7-p2 
IL  1 7-p3 
IL  1 7-p4 
I  LI  7-p  5 
IL  1 7-p6 
rorc-p4 
rorc-bsl 
rorc-nonstat 
tbx21-p1 
tbx21-p2 
tbx21-p3 
tbx21-p4 
tbx21-p5 
tbx21-p6 
if ng-pl 
ifng-p2 
ifng-p3 
ifng-p4 
ifng-p5 
ifng-p6 
ifng-p7 


AACTTTGGCATTGTGGAAGG 

Qiagen  Mm_brd2_1_SG 
Qiagen  Mm_brd3_1_SG 
Qiagen  Mm_brd4_var1_SG 

CTTCATCTGTGTCTCTGATGCTGTT 

CAAAACCAGGGCATTTCTGT 

CGCCTCCTGATTAGACTTCG 

TGCAAGACTCATCGACAAGG 

CAACAGCAAGGCGAAAAAGG 

C AAC AAC  C  C  C  T  T  T  GCCAAAG 

GGCATTTTGAACGAGGTCACA 

CAGGTATTATTCTCAGGGCTTTGG 

CACCTCACACGAGGCACAAG 

GGATTAAGGGCACACGTGTTG 

T  C AT  C  GG  C  T  C  C  C AC AC AG A 

CCCACAAAGCAACACTCTTGTC 

GCATCGCATCTTT CAAAC C A 

CCCTGGGAGGAAAGCGAGTCAGAATGA 

AGCTTTGCTGTGGAAGATGTTTC 

GCCAACAGGACTTTTGCCCAGC 

CACCATCTCGCTTTCCGCT 

CCCCGGGGTCTGGGATATAGTTCA 

CACCCAAAGCAGCCCACGG 

CCGCCCCCTCGTGGCTAATAC 

AGCGCGACTCTCAGCTTCCC 

TGACCTCAGGCCACAGCGAG 

GGGCTTCCTCACCACATTGGCT 

AAGGCTCCCTGTGCTGTGC 

ACCCCAAATGGTGTGAAGTAAAA 

TCCTCCTGCGGCCTAGCTCT 

TGCCTCCCGTATGTGTTTGGAGC 

CCTTCTTCAGCAACAGCAAGGCG 

ACAGGTCCAGCGCCAAGCAT 


Reverse 


GGATGCAGGGATGATGTTCT 


TCGCTGCTGCCTTCACTGT 

ATGGTGCTGTCTTCCTGACC 

GCCCCTTTACATCTTGTGGA 

AGGGGATTCAACATCAGTGC 

GGACCACTCGGATGAGCTCA 

TCCCCCAAGCAGTTGACAGT 

AGGACGTTTGGCACATCCA 

TGGCAATGGTGTCTTTTCTTTG 

ATGTTTGCGCGTCCTGATC 

TTTCCCCACTCTGTCTTTCCA 

GGCAGTACCGAAGCTGTTTCA 

ACTGCATGACCCGAAAGCA 

TTAGGATAAGCGCCCAGTGAAT 

AGCTTGGGAATTGGACATTGGATGGATGAG 

GAAGGGCTGGTAGGGAAGTCA 

TGGAGGGTGAGGCTCTGCTAACT 

TCCCCCTGGCTGACTTTTC 

GGGGGTGGAACCAGAAGCGT 

CGCTAGCTGTTACGCTGCCAC 

GGGTCGGGGCTTCAGTCCTC 

CGCGCGAGGACTACGCATTG 

TTCCGGCCCATGCGAACTCT 

TGCAATGGGGGAAGCCTTTTCAAAC 

GTCTCCCCCTTTTTGCCCT 

CCCACCTGTGCCATTCTTGT 

AGCCAAGATGCAGTGTGTAGCGT 

CTGCCCCCTTATGGTCCAGGC 

GCCGTCTCACCTCAAACTTGGC 

CAGCTGGTGGACCACTCGGA 


Cheung  et  al.  www.pnas.org/cgi/content/short/161 5601 1 14 


14  of  14 


nature  v>= — 

COMMUNICATIONS 


ARTICLE 


Received  10  Mar  2016  |  Accepted  30  Nov  2016  |  Published  15  Feb  2017 


DOI:  10.1038/ncomms14228 


OPEN 


Dub3  inhibition  suppresses  breast  cancer  invasion 
and  metastasis  by  promoting  Snaill  degradation 
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Snaill,  a  key  transcription  factor  of  epithelial-mesenchymal  transition  (EMT),  is  subjected  to 
ubiquitination  and  degradation,  but  the  mechanism  by  which  Snaill  is  stabilized  in  tumours 
remains  unclear.  We  identify  Dub3  as  a  bona  fide  Snaill  deubiquitinase,  which  interacts  with 
and  stabilizes  Snaill.  Dub3  is  overexpressed  in  breast  cancer;  knockdown  of  Dub3  resulted  in 
Snaill  destabilization,  suppressed  EMT  and  decreased  tumour  cell  migration,  invasion,  and 
metastasis.  These  effects  are  rescued  by  ectopic  Snaill  expression.  IL-6  also  stabilizes  Snaill 
by  inducing  Dub3  expression,  the  specific  inhibitor  WP1130  binds  to  Dub3  and  inhibits  the 
Dub3-mediating  Snaill  stabilization  in  vitro  and  in  vivo.  Our  study  reveals  a  critical  Dub3-Snail1 
signalling  axis  in  EMT  and  metastasis,  and  provides  an  effective  therapeutic  approach  against 
breast  cancer. 
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Approximately  90%  of  cancer  death  are  caused  by 
metastasis1,  which  is  an  exceedingly  complex  process 
involving  tumour  cell  motility,  intravasation,  circulation 
in  the  blood  or  lymph  system,  extravasation  and  growth  in 
new  tissues  and  organs.  The  increased  motility  and  invasive 
properties  of  metastatic  tumour  cells  are  reminiscent  of  events 
that  occur  during  epithelial-mesenchymal  transition  (EMT), 
which  is  a  distinctive  morphogenic  process  that  occurs  during 
embryonic  development,  chronic  degeneration  and  fibrosis  of 
organs,  and  tumour  invasion  and  metastasis2,3.  During  EMT, 
epithelial  cells  acquire  fibroblast-like  properties,  exhibit  reduced 
intercellular  adhesion  and  show  increased  motility.  Several 
transcription  factors  are  associated  with  EMT,  including 
the  Snail  1 /Slug  family4,  Twist5,  5EF1/ZEB1  and  SIP1/ZEB2 
(refs  6,7). 

Snail  1,  a  zinc-finger  containing  transcription  factor,  was 
identified  in  Drosophila  as  a  suppressor  of  shotgun  (an  E-cadherin 
homologue)  transcription,  which  controls  large-scale  cell  move¬ 
ment  during  mesoderm  formation  and  neural  crest  delamina¬ 
tion4.  Snail  1  expression  is  tightly  regulated  during  development; 
this  regulation  is  often  disrupted  in  metastatic  breast  cancer. 
Overexpression  of  Snail  1  was  found  in  both  epithelial  and 
endothelial  cells  of  invasive  breast  cancer8.  Snail  1  expression 
correlates  with  the  tumour  grade  and  nodal  metastasis  for 
invasive  ductal  carcinoma9-11  and  predicts  a  poor  outcome  in 
patients  with  breast  cancer12.  Snaill  overexpression  also  induces 
resistance  to  apoptosis,  confers  tumour  recurrence  and  generates 
breast  cancer  stem  cell  (CSC)-like  properties13,14.  We  recently 
found  that  Snaill  induces  aerobic  glycolysis  by  repressing 
fructose- 1,6 -biphosphatase  (FBP1)  expression,  and  thus 
provides  metabolic  growth  advantages  to  breast  cancer15. 

Although  several  signalling  pathways,  such  as  EGF,  FGF,  HGF, 
TGFP  and  Notch,  can  induce  Snaill  transcription  under  different 
cellular  contexts16,  Snaill  is  a  labile  protein  and  is  under  constant 
protein  ubiquitination  and  degradation  mediated  by  FBXL14, 
P-TRCP1  or  FBXOll  (refs  11,17,18).  For  example,  phospho¬ 
rylation  of  Snaill  by  glycogen  synthase  kinase-3 P  (GSK-3P) 
promotes  Snaill  export  from  the  nucleus.  In  the  cytoplasm,  Snaill 
undergoes  a  second  phosphorylation  by  GSK-3P,  which  targets 
the  protein  for  P-TRCP1 -mediated  cytoplasmic  degradation. 
In  addition,  PDK1  phosphorylates  Snaill  to  form  a  Snail  1- 
FBXOll  complex  in  the  nucleus17.  On  the  other  hand,  we 
reported  that  Snaill  stabilization  is  induced  by  the  inflammatory 
cytokine  TNFa  through  the  NF-kB  pathway  to  block  Snaill 
ubiquitination19.  However,  a  comprehensive  account  of  the 
mechanisms  by  which  Snaill  escapes  ubiquitination  and 
degradation  in  breast  cancer  remains  unknown. 

Ubiquitination  is  a  reversible  process  and  ubiquitin 
moieties  are  removed  from  polypeptides  by  Deubiquitinases 
(DUBs).  DUBs  are  classified  into  ubiquitin  C-terminal  hydrolase 
(UCH),  ubiquitin-specific  processing  proteases  (USP),  Jabl/Padl/ 
MPN-domain  containing  metallo- enzymes  (JAMM),  Otu 
domain  ubiquitin-aldehyde  binding  proteins  (OTU)  and 
Ataxin-3/Josephin-domain  containing  proteins  (Ataxin-3/Jose- 
phin).  Growing  evidence  shows  that  DUBs  are  essential  for  the 
regulation  of  many  cellular  functions  including  transcription, 
DNA  repair  and  cell  cycle  progression20.  Dub3  belongs  to 
the  USP  group,  and  is  an  immediate  early  gene  that  belongs 
to  a  subfamily  of  cytokine- inducible  DUBs20.  Specifically,  Dub3  is 
rapidly  induced  by  IL-4  and  IL-6  (refs  21,22).  Cdc25A  is  a  known 
substrate  of  Dub3  that  promotes  oncogenic  transformation23. 
In  agreement  with  this  report,  high  Dub3  expression  in  mouse 
embryonic  stem  cells  couples  the  Gl/S  checkpoint  to  pluripotency 
through  regulation  of  Cdc25A  (ref.  24),  and  depletion  of  Dub3 
from  breast  cancer  cells  reduces  proliferative  potential  in  vivo. 
In  addition  to  the  role  in  breast  cancer,  Dub3  expression 


correlates  with  tumour  progression  and  poor  prognosis  in 
human  epithelial  ovarian  cancer25.  However,  these  observations 
do  not  specifically  explain  the  role  of  Dub3  in  mediating 
tumour  cell  invasion  and  metastasis. 

In  the  current  study  we  utilize  unbiased  approaches  to 
identify  the  specific  DUB  responsible  for  Snaill  stabilization, 
and  identify  Dub3  as  a  bona  fide  DUB  of  Snaill.  The 
Dub3 -Snaill  signalling  axis  forms  a  ‘sensor  and  effector’  circuitry 
by  overlaying  inflammatory  stimulation  to  EMT  and  metastasis. 

Results 

Dub3  is  a  deubiquitinase  of  Snaill.  To  understand  the  regula¬ 
tion  of  Snaill,  we  purified  the  Snaill  complexes  from  nuclear 
extracts  of  201  HeLa  S3  cells  expressing  Flag- Snaill  (ref.  26). 
The  immunocomplex  was  separated  on  SDS-PAGE  and 
subjected  to  top-down  mass  spectrometry  analysis.  We  deter¬ 
mined  that  several  histone  methyltransferases/demethylases, 
such  as  LSD1  (ref.  26),  Suv39Hl  (ref.  27)  and  G9a  (ref.  28)  as 
well  as  Dub 3,  were  associated  with  Snaill  (Supplementary 
Fig.  la).  In  a  parallel  experiment,  we  performed  a  small  inter¬ 
fering  RNA  (siRNA)  library  screening,  which  consisted  of 
four  non-overlapping  siRNA  targeting  the  99  known  or  putative 
DUBs.  This  initial  screen  identified  11  genes  that  may  directly 
or  indirectly  control  Snaill  stability  (Supplementary  Fig.  lb). 
When  these  DUBs  were  co-expressed  with  Snaill  in  HEK293 
cells,  we  found  that  USP  12,  Dub3  and  USP28  significantly 
increased  Snaill  levels,  similar  to  results  obtained  when  cells 
were  treated  with  the  proteasome  inhibitor  MG132 
(Supplementary  Fig.  lb).  However,  only  Dub3  interacted  with 
Snaill  in  the  co-immunoprecipitation  (IP)  assay  (Supplementary 
Fig.  lc).  These  two  independent  and  unbiased  analyses  point 
to  the  critical  role  of  Dub3  in  the  regulation  of  Snaill. 

To  further  investigate  the  relationship  of  these  two  proteins, 
we  co-expressed  Snaill  with  Dub3  in  HEK293  cells.  Expression 
of  wild-type  (WT)  Dub3  stabilized  Snaill.  A  Dub3  mutant, 
in  which  the  catalytic  cysteine  had  been  replaced  with  serine 
(C89S,  CS),  showed  no  such  effect,  indicating  that  the  enzymatic 
activity  of  Dub3  is  required  for  Snaill  stabilization  (Fig.  la). 
A  steady-state  level  of  Snaill  was  enhanced  by  increasing 
Dub3  expression  in  a  dose-dependent  manner  (Fig.  lb). 
When  Dub3  was  co-expressed  with  GFP-Snaill  in  HEK293  cells, 
we  found  that  Dub3  stabilized  and  co-localized  with  GFP-Snaill 
in  nuclei  (Fig.  lc).  Although  we  did  not  find  any  correlation 
between  Dub3  and  Snaill  mRNA  levels,  expressions  of  Dub 3  and 
Snaill  in  multiple  cancer  cell  lines,  ranging  from  colon,  prostate 
and  breast  tumours,  were  highly  correlated  (Fig.  Id).  Dub3  was 
highly  expressed  in  basal-like  breast  cancer  (BFBC)  cells  that 
contain  high  levels  of  Snaill.  In  addition,  Dub3  expression 
correlated  with  Snaill  in  colon  and  prostate  cancer  cell 
lines,  suggesting  that  this  Dub3-Snaill  correlation  is  not  tissue- 
specific.  Dub3  expression  also  correlated  with  Snaill  levels  in 
12  cases  of  fresh  breast  tumours  (Fig.  le).  These  data  suggest 
that  Dub3  controls  the  level  of  Snaill  through  deubiquitination 
to  prevent  degradation.  Consistent  with  this  idea,  knockdown 
of  endogenous  Dub3  resulted  in  a  rapid  loss  of  endogenous 
Snaill  protein,  but  had  no  effect  on  mRNA  levels,  in 
MDA-MB231  and  MDA-MB157  cells  (Fig.  If).  The  down- 
regulation  of  Snaill  in  Dub3-knockown  MDA-MB157  cells 
was  restored  by  MG  132  treatment  (Fig.  lg),  indicating  that 
Dub3 -knockdown  facilitates  the  ubiquitination  and  degradation 
of  Snaill. 

Dub3  is  evolutionarily  conserved  from  Drosophila 
to  humans29.  Strikingly,  knocked-out  Dub3  expression  using 
UAS-RNAi  lines  that  target  Dub3  in  Drosophila ,  show 
no  invagination/gastrulation,  which  require  both  EMT  and  stem 
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Figure  1  |  Dub3  stabilizes  Snaill.  (a)  Flag-Snaill  was  co-expressed  with  HA-tagged  Dub3  (either  wild-type,  WT,  or  catalytic  inactive  C89S  mutant,  CS)  in 
HEK293  cells  or  cells  were  treated  with  MG132  for  6h.  Expression  of  Snaill  and  Dub3  were  assessed  by  western  blot,  (b)  Flag-Snaill  was  co-expressed  with 
increasing  amounts  of  HA-Dub3  in  HEK293  cells.  Lysates  were  subjected  to  analysis  by  western  blot,  (c)  GFP-Snaill  was  co-expressed  with  HA-Dub3  in 
HEK293  cells.  After  fixation,  the  cellular  location  of  Snaill  (green)  and  Dub3  (red)  was  examined  by  immunofluorescent  (IF)  staining  using  anti-HA  antibody 
and  visualized  by  fluorescence  microscopy  (nuclei  were  stained  with  Dapi;  blue).  Arrowhead  identifies  a  cell  expressing  only  GFP-Snaill  but  not  Dub3.  Scale 
bars,  25  pm.  (d)  The  protein  expression  of  Dub3  and  Snaill  in  various  cancer  cell  lines  was  analysed  by  western  blot,  (e)  Expression  of  Dub3  and  Snaill  from  12 
human  breast  tumours  (fresh  frozen)  was  analysed  by  western  blot,  (f)  The  protein  expression  of  Dub3  and  Snaill  from  MDA-MB157  and  MDA-MB231  cells 
stably  transfected  with  control  or  two  individual  Dub3  shRNAs  was  analysed  by  western  blot  and  the  mRNA  was  detected  by  real-time  PCR  (mean  ±  s.e.m.  in 
three  separate  experiments),  (g)  The  protein  expression  of  Dub3  and  Snaill  from  MDA-MB157  cells  stably  transfected  with  control  or  two  individual  Dub3 
shRNAs  and  treated  with  or  without  10  pM  MG132  for  6h  was  analysed  by  western  blot,  (h)  Gastrulation  and  Snaill  expression  were  detected  in  Drosophila 
embryos  and  the  mRNA  was  detected  by  real-time  PCR  using  stage  11  cells  (mean  ±  s.e.m.  in  three  separate  experiments). 
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cell  renewal  (up  panel,  Fig.  lh).  This  observation  was  very 
similar  to  that  seen  with  a  mutant  Snail  1  in  Drosophila  embryos, 
in  which  Snail  1  is  absolutely  required  for  the  dissociation  and 
invagination  of  cells  from  epiblast30.  Consistent  with  this 
observation,  we  noticed  a  drastic  reduction  of  Snail  1  in  stage 
1 1  cells.  In  addition,  expression  of  several  genes  that  are  known 
to  be  repressed  by  Snail  1  in  this  event,  such  as  Rho,  Sim  and 
T3,  were  restored  in  embryos  isolated  from  these  RNAi  lines 
(bottom  panel,  Fig.  lh).  Together,  these  data  indicated  that 
Dub3  is  specific  for  the  control  of  Snail  1  in  vivo. 

Dub3  interacts  with  Snaill.  To  further  investigate  the  interaction 
of  Dub3  with  Snaill,  we  co-expressed  Flag-Dub3  and  HA-Snaill 
in  HEK293  cells  and  performed  a  co-IP  experiment.  After  IP  of 
Snaill,  we  detected  an  associated  Dub3,  and  vice  versa  (Fig.  2a). 
IP  of  endogenous  Snaill  and  Dub3  from  MDA-MB157  and 
MDA-MB231  cells  also  demonstrated  the  presence  of  endogen¬ 
ous  Dub3  and  Snaill,  respectively  (Fig.  2b).  To  identify  the  region 
in  Snaill  that  associates  with  Dub3,  we  generated  two  deletion 
mutants  of  Snaill  (refs  28,31):  the  N-terminal  Snaill  (amino  acids 
1-153),  which  contains  the  SNAG  domain  of  Snaill;  and  the 
C-terminal  Snaill  (amino  acids  153-264),  which  includes  the 
conserved  zinc  finger  motif  (Fig.  2c).  When  these  two  deletion 
mutants  of  Snaill  were  co-expressed  with  Dub3  in  HEK293  cells, 
we  found  that  the  N-terminal  region  of  Snaill  was  responsible  for 
its  interaction  with  Dub3  (Fig.  2c).  In  addition,  when  GST-Dub3 
was  incubated  with  full-length  or  deletion  mutants  of  Snaill, 
only  the  full-length  and  N-terminal  domain  of  Snaill  were  pulled 
down  by  GST-Dub3  (Fig.  2d). 

Dub3  contains  two  functional  domains;  the  N-terminal 
catalytic  (UCH)  domain  and  two  hyaluronan  binding  motifs 
at  its  C  terminus.  To  identify  the  region  of  Dub3  responsible 
for  the  interaction  with  Snaill,  we  generated  a  Myc-tagged 
full-length,  N-terminal  deletion,  and  C-terminal  deletion  of 
Dub3  (Fig.  2e)  and  co-expressed  them  with  Snaill  in  HEK293 
cells.  We  found  that  the  N-terminal  catalytic  domain  retained  the 
ability  to  interact  with  Snaill.  However,  when  the  C-terminal 
mutant  was  utilized,  Dub3  was  unable  to  interact  with  Snaill. 
When  GST-Snaill  was  pulled  down,  we  found  the  presence 
of  full-length  and  N-terminal  Dub3  (Fig.  2f).  Consistent  with 
this,  Dub3  only  stabilized  the  N-terminal  but  not  the  C-terminal 
fragments  of  Snaill  (Fig.  2g).  The  interaction  between  Dub3  and 
Snaill  was  further  confirmed  by  immunofluorescence  (IF) 
analysis  showing  that  endogenous  Dub3  co-localized  with  Snaill 
in  the  nucleus  of  MDA-MB231  cells  (Fig.  2h).  Taken  together, 
our  results  indicate  that  Dub3  interacts  with  Snaill  and  that 
this  interaction  is  mediated  through  the  N-terminal  regions  of 
Dub3  and  N-terminal  region  of  Snaill. 

Dub3  stabilizes  Snaill  through  deubiquitination.  The  interac¬ 
tion  of  Dub3  with  Snaill  suggests  that  Dub3  regulates  the 
protein  stability  of  Snaill.  To  test  this  idea,  we  co-expressed 
Snaill  with  Dub3  or  vector  control  in  HEK293  cells  and 
examined  Snaill  degradation.  After  treatment  with  cycloheximide 
to  block  newly  protein  synthesis,  Snaill  degraded  rapidly  in 
cells  transfected  with  a  control  vector  (Fig.  3a).  However,  Snaill 
levels  were  stabilized  in  the  presence  of  Dub3  and  this  effect 
continued  for  up  4h  in  the  presence  of  cycloheximide.  To  test 
whether  endogenous  Snaill  is  also  subjected  to  similar  regulation 
by  Dub3,  we  knocked  down  endogenous  Dub3  in  MDA-MB231 
cells,  and  found  that  endogenous  Snaill  became  unstable 
and  degraded  rapidly  (Fig.  3b).  To  extend  these  findings 
and  determine  whether  this  Dub 3  effect  is  mediated  through 
a  de-ubiquitination  of  Snaill,  we  co-expressed  Flag-Snaill 
with  either  WT-  or  CS-Dub3  in  HEK293  cells.  After 


immunoprecipitating  Snaill  from  cells  treated  with  MG132,  we 
found  that  Snaill  was  heavily  ubiquitinated  (lane  1,  Fig.  3c). 
However,  co-expression  of  WT-Dub3  almost  completely 
abolished  Snaill  ubiquitination  while  the  CS-Dub3  did  not  have 
this  effect  (lanes  2  versus  3,  Fig.  3c).  Conversely,  Snaill  ubiqui¬ 
tination  significantly  increased  in  Dub3 -knockdown 
MDA-MB157  and  MDA-MB231  cells  after  MG132  treatment 
(Fig.  3d).  In  an  in  vitro  deubiquitination  assay  as  described  by 
Dupont  et  al .32,  we  incubated  poly- ubiquitinated  Snaill  with 
purified  WT-Dub3  or  CS-Dub3.  We  found  that  WT-Dub3, 
but  not  CS-Dub3,  specifically  removed  Snaill  ubiquitin  moieties 
in  vitro  (Fig.  3e),  indicating  that  Dub3  stabilizes  Snaill  by 
removing  its  ubiquitination  directly. 

Previous  studies  showed  that  (3-TRCP1  and  FBXF14 
are  specific  E3  ligases  mediating  the  ubiquitination  and  degrada¬ 
tion  of  Snaill  (refs  11,18,33).  We  investigated  whether 
Dub3  stabilized  Snaill  by  impeding  the  activity  of  |3-TRCP1 
and  FBXF14.  Consistent  with  prior  results,  expression  of 
(3-TRCP1  and  FBXF14  increased  Snaill  protein  degradation 
(lanes  4  and  7  versus  lane  1,  Fig.  3f).  Expression  of  the  WT-Dub3, 
but  not  CS-Dub3,  blocked  Snaill  degradation  mediated  by  these 
two  ligases.  Conversely,  knockdown  |3-TRCP1  or  FBXF14 
increased  Snaill  stability  (lanes  2  and  3,  Fig.  3g).  However, 
knockdown  of  Dub3  blocked  the  Snaill  stabilization  effect 
mediated  by  the  knockdown  of  either  [3-TRCP1  or  FBXF14 
(lanes  4  and  5,  Fig.  3g),  indicating  that  Dub3  is  a  critical  factor 
controlling  Snaill  stability.  In  agreement  with  this  observation, 
expression  of  [3-TRCP1  and  FBXF14  increased  Snaill  polyubi- 
quitination  (Fig.  3h),  which  was  attenuated  by  expression  of 
WT-Dub3  (lanes  3  versus  2,  lanes  6  versus  5,  Fig.  3h).  Knock¬ 
down  of  P-TRCP1  or  FBXF14  reduced  Snaill  polyubiquitination, 
which  was  hampered  by  simultaneous  knockdown  Dub3 
(Supplementary  Fig.  2a).  Both  P-TRCP1  and  FBXF14  share  the 
same  lysine  pattern  and  target  Snaill  degradation  through 
ubiquitin  modification  of  lysine  98,  137  and  146  (ref.  18). 
Consistent  with  previous  reports,  the  Snaill  triple  mutant  (K3R) 
is  more  stable  than  WT-Snaill  (Supplementary  Fig.  2b). 
However,  ectopic  expression  of  Dub3  still  increased 
K3R  accumulation,  indicating  that  other  lysines  could  be  involved 
in  Snaill  stability.  Together,  these  data  demonstrated  that 
Dub3  counteracts  P-TRCP1-  and  FBXF14-mediated  Snaill 
ubiquitination  through  deubiquitination. 

Dub3  expression  induces  EMT.  To  study  the  functional  effects  of 
Dub3,  we  expressed  Dub3  in  two  luminal  breast  tumour  cell  lines, 
MCF7  and  T47D,  which  contain  little  endogenous  Dub3  and 
Snaill  (Fig.  4a).  Dub3  expression  induced  Snaill  stabilization 
as  well  as  downregulation  of  E-cadherin  and  oestrogen  receptor 
alpha  (ERa)  in  these  cells  (Fig.  4a, b).  Consistently, 
Dub3  expression  induced  a  morphologic  change  indicative  of 
EMT  (Fig.  4b),  including  downregulation  of  epithelial  markers 
(E-cadherin,  Claudin-7  and  Occludin)  and  the  upregulation 
of  mesenchymal  molecules  (N-cadherin  and  Vimentin) 
(Fig.  4c,  Supplementary  Fig.  3a).  In  addition,  Dub3  expression 
converted  these  luminal  cells  into  a  basal-like  phenotype;  these 
cells  lost  luminal  markers,  such  as  ERoc,  FOXA1,  CK18  and 
AGR2,  and  gained  expression  of  basal  molecules  such  as 
CK5,  CD44  and  EGFR  (Fig.  4d,  Supplementary  Fig.  3a).  We 
then  tested  the  migration  and  invasiveness  of  these  cells. 
Dub3  expression  markedly  increased  the  cell  migration  and 
invasive  capacity  (Fig.  4e,f,  Supplementary  Fig.  3b, c). 

The  catalytic  activity  of  Dub3  is  required  for  these  functions, 
because  CS-Dub3  could  not  induce  Snaill  upregulation,  or 
the  morphological  changes  associated  with  EMT,  or  increased  cell 
migration  and  invasion  in  these  cells  (Fig.  4a-f,  Supplementary 
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Figure  2  |  Dub3  interacts  with  Snaill.  (a)  HA-Snaill  was  co-expressed  with  vector  or  Flag-Dub3  in  HEK293  cells.  Snaill  and  Dub3  were 
immunoprecipitated  (IP)  with  HA  or  Flag  antibody,  respectively,  and  the  associated  Dub3  and  Snaill  were  analysed  by  western  blot  using  either  Flag  or 
HA  antibody.  One-fortieth  of  the  lysate  from  each  sample  was  subjected  to  western  blot  to  examine  the  expression  of  Snaill  and  Dub3  (input  lysate), 
(b)  Endogenous  Snaill  and  Dub3  were  captured  by  IP  from  MDA-MB231  and  MDA-MB157  cells,  and  the  bound  endogenous  Dub3  and  Snaill  were 
examined  by  western  blot,  (c)  Schematic  diagram  showing  the  structure  of  Snaill  and  deletion  constructs  used  (top  panel).  Flag-tagged  full-length  (FL)  or 
deletion  mutants  of  Snaill  were  co-expressed  with  Myc-Dub3  in  HEK293  cells.  Extracts  were  subjected  to  IP  with  Flag  or  Myc  antibody,  and  bound  Dub3  or 
Snaill  was  analysed  by  Western  blot  using  either  Myc  or  Flag  antibody,  (d)  Lysates  from  HEK293  cells  expressing  WT  or  different  deletion  mutants  of 
Flag-Snaill  were  mixed  with  GST-Dub3.  After  pull-down  by  glutathione-agarose,  the  associated  proteins  were  analysed  by  western  blot,  (e)  Schematic 
diagram  showing  the  structure  of  Dub3  and  deletion  constructs  used  (top  panel).  Myc-tagged  full-length  or  deletion  mutants  of  Dub3  were  co-expressed 
HA-Snaill  in  HEK293  cells.  Extracts  were  subjected  to  IP  with  Myc  or  HA  antibody,  and  the  bound  Snaill  or  Dub3  was  analysed  by  western  blot  using  either 
HA  or  Myc  antibody,  (f)  Lysates  from  HEK293  cells  expressing  WT  or  different  deletion  mutants  of  Myc-Dub3  were  mixed  with  GST-Snaill.  After  pull-down 
by  glutathione-agarose,  the  associated  proteins  were  analysed  by  western  blot,  (g)  Myc-Dub3  was  co-expressed  with  Flag-tagged  full-length  or  deletion 
mutants  of  Snaill  in  HEK293  cells.  The  protein  expressions  of  Dub3  and  Snaill  were  analysed  by  western  blot,  (h)  Endogenous  Dub3  and  Snaill  in 
MDA-MB231  cells  was  detected  by  IF  staining.  Scale  bars,  20  pm. 
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Fig.  3a-c).  In  addition,  these  functional  activities  promoted 
by  Dub3  required  Snail  1  upregulation,  because  knockdown  of 
Snail  1  greatly  inhibited  these  changes  (Fig.  4a-f,  Supplementary 
Fig.  3a-c).  Together,  these  data  indicate  that  Dub3  can 
induce  EMT  (luminal  to  basal-like  phenotype  conversion)  by 
stabilizing  Snail  1  in  breast  cancer  cells. 


Knockdown  of  Dub3  suppresses  Snaill’s  function.  To  further 
assess  the  function  of  Dub3  in  breast  cancer,  we  established 
stable  clones  with  Dub3  knockdown  in  MDA-MB231  and 
MDA-MB157  cells.  We  achieved  80-90%  knockdown  efficiency 


of  endogenous  Dub3  using  two  independent  shRNAs  (Fig.  5a). 
For  both  clones,  Dub3 -knockdown  increased  E-cadherin  and 
Claudin-7  levels,  downregulated  expression  of  Vimentin  and 
N-Cadherin,  with  concomitant  changes  of  other  EMT  markers 
(Fig.  5a,  Supplementary  Fig.  4a).  IF  analysis  also  suggested 
a  downregulation  of  E-cadherin  and  upregulation  of  Vimentin 
and  N-cadherin  (Fig.  5b).  Dub3  knockdown  greatly  inhibited 
the  migration  and  invasive  capabilities  of  these  cells 
(Fig.  5c, d,  Supplementary  Fig.  4b, c).  Individual  cell  tracking 
also  revealed  Dub3  knockdown  reduced  the  velocity  and  direc¬ 
tionality  of  cell  migration,  and  strongly  inhibited  the  net  distance 
of  cell  migration  in  MDA-MB231  and  MDA-MB157  cells 
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(Fig.  5e,  Supplementary  Fig.  4d).  Importantly,  Snail  1 -rescued 
expression  partially  inhibited  E-cadherin  and  claudin-7 
upregulation  and  increased  Vimentin  and  N-cadherin  expression 
in  Dub3 -knockdown  MDA-MB231  and  MDA-MB157  cells 
(Fig.  5a, b).  Functionally,  Snail  1 -rescued  expression  also  restored 
migration  and  invasion  in  these  Dub3 -knockdown  cell  lines 
(Fig.  5c-e,  Supplementary  Fig.  4b-d). 

MDA-MB231  and  MDA-MB157  cells  appear  with  stellate 
projections  in  3D  culture.  Cells  with  Dub3  knockdown  exhibited 
a  marked  change  in  morphology,  with  rounded/polygonal 
shape  (Supplementary  Fig.  4e).  To  extend  assessment  of 
the  critical  role  of  Dub3  in  regulating  CSC-like  properties  in 
human  breast  cancer,  we  examined  tumorsphere  formation 
in  Dub3 -knockdown  clones.  We  found  that  Dub3  knockdown 
greatly  reduced  the  number  and  size  of  primary  and  secondary 
tumorspheres  in  MDA-MB231  and  MDA-MB157  cells 
(Fig.  5f,  Supplementary  Fig.  5a).  This  function  of  Dub3  is  likely 
mediated  through  the  regulation  of  Snail  1,  as  Snail  1  rescued 
expression  (expressing  Snail  1- IRES -GFP)  greatly  restored 
the  number  and  size  of  tumorspheres  in  these  two  cell  lines.  As 
human  breast  CSCs  are  enriched  in  a  CD44hlgh/CD24low 
population14,34-38,  we  measured  this  population  in 
MDA-MB157  and  MDA-MB231  cells  with  Dub3  knockdown 
using  fluorescence-activated  cell  sorting  (FACS).  We  found  that 
Dub3  knockdown  reduced  the  CD44hlgh/CD24low  population  in 
both  cell  lines  (Fig.  5g,  Supplementary  Fig.  5b).  To  corroborate 
these  findings,  we  also  used  a  second  set  of  breast  CSC  markers 
(CD49flllgl7CD24low) 39-42 .  Similar  to  the  results  presented  above, 
Dub3  knockdown  reduced  the  population  of  CD49f*ngh/CD24low 
cells  in  MDA-MB231  and  MDA-MB157  cells  (lower  panel 
in  Fig.  5g,  Supplementary  Fig.  5c).  Again,  the  reduction  of 
a  CSC  population  in  Dub3 -knockdown  clones  appears  to  be 
mediated  by  the  downregulation  of  Snail  1,  as  rescued  Snail  1 
expression  in  Dub3 -knockdown  clones  largely  recovered  the 
CSC  phenotype.  Taken  together,  these  results  clearly  support 
our  assessment  that  Dub 3  is  the  crucial  factor  controlling 
Snail  1  stability,  EMT,  migration  and  invasion,  as  well  as 
CSC  characteristics. 


Knockdown  of  Dub3  blocks  breast  cancer  metastasis.  To 

directly  assess  whether  Dub3  promotes  metastasis  in  vivo ,  we 
intravenously  injected  Dub3 -knockdown  MDA-MB231  cells  into 
female  SCID  mice  and  subjected  these  mice  to  bioluminescent 
imaging  (BFI).  Dub3 -knockdown  cells  exhibited  a  reduced 
number  of  lung  nodules  at  early  time  points  (Fig.  6a, b),  implying 


that  Dub3  is  critical  for  the  extravasation  and/or  colonization 
of  breast  tumour  cells  in  lung.  At  35  days  post- injection,  all 
control  mice  were  moribund  due  to  massive  lung  metastases  with 
an  average  of  150  visible  metastatic  nodules  per  mouse  (Fig.  6c, d). 
In  contrast,  mice  injected  with  Dub3 -knockdown  cells  were  viable 
and  free  of  detectable  metastases.  Histologic  analyses  supported 
the  macroscopic  observations  and  disclosed  a  high  number 
of  metastatic  lesions  produced  by  control  cells  whereas 
Dub3 -knockdown  cells  lacked  metastatic  colonies  (Fig.  6c, d). 
Consistent  with  the  function  of  Snail  1  in  vitro ,  expression  of 
exogenous  Snail  1  in  Dub3 -knockdown  cells  largely  rescued  the 
formation  of  lung  metastases  (Fig.  6a, d). 

Snail  1  is  a  key  transcription  factor  of  EMT4,43.  To  rule  out 
the  possibility  of  cellular  adaptation  effect  associated  with  stable 
gene  downregulation  and  to  examine  the  temporal  regulation  of 
Snail  1  in  vivo ,  we  generated  a  doxycycline  (DOX) -inducible 
expression  of  Dub3  shRNA  or  control  shRNA  (TRIPZ  lentiviral 
inducible  shRNAmir  system  from  Thermo  Fisher  Scientific) 
in  MDA-MB231  cells.  Treatment  with  DOX  for  6  days  achieved 
almost  complete  Dub3 -knockdown  and  resulted  in  a  remarkable 
downregulation  of  Snail  1  (Fig.  6e).  In  an  experimental  metastasis 
model,  we  intravenously  injected  these  cells  into  female 
SCID  mice  (left  panel,  Fig.  6f).  Mice  received  DOX  or  no 
DOX  in  the  drinking  water  24  h  after  tumour  cell  inoculation. 
Dub3  knockdown  after  DOX  treatment  significantly  decreased 
lung  metastasis  and  lung  weight,  but  these  parameters  showed  no 
difference  in  control  mice  with  or  without  DOX  treatment 
(middle  and  right  panels,  Fig.  6f). 

To  further  examine  the  therapeutic  efficacy  of  systemic 
inhibition  of  Dub3  in  preventing  tumour  recurrence  and 
metastasis,  we  performed  a  spontaneous  metastasis  model 
analysis,  in  which  control  and  DOX-inducible  Dub3  shRNA 
MDA-MB231  cells  were  implanted  into  mammary  fat  pads 
of  6 -week- old  female  SCID  mice.  When  tumours  reached 
a  volume  of  1  cm3,  the  tumours  was  surgically  removed.  Mice 
then  received  DOX  or  no  DOX  in  drinking  water  (left  panel, 
Fig.  6g).  Strikingly,  the  recurrent  tumour  was  significantly 
inhibited  in  mice  with  the  Dub3  shRNA  expression 
(middle  panel,  Fig.  6g).  In  parallel,  depletion  of  Dub3  also 
dampened  spontaneous  lung  metastasis  (right  panel,  Fig.  6g). 
Collectively,  these  data  indicate  that  Dub3  facilitates  breast  cancer 
metastasis  through,  in  large  part,  Snail  1  stabilization. 

Dub3  is  critical  for  IL-6-induced  Snaill  stabilization.  We 

showed  previously  that  IF-6  and  TNFoc  can  stabilize  Snaill  by 


Figure  3  |  Dub3  deubiquitinates  Snaill  and  antagonizes  the  function  of  Snaill's  E3  ligase.  (a)  Flag-Snaill  was  co-expressed  with  vector  or  Myc-Dub3  in 
HEK293  cells.  After  treatment  with  cycloheximide  (CHX)  for  the  indicated  time  intervals,  expression  of  Snaill  and  Dub3  was  analysed  by  western  blot 
(top  panel)  using  Flag  and  Myc  antibodies,  respectively.  The  intensity  of  Snaill  expression  for  each  time  point  was  quantified  by  densitometry  and  plotted 
(bottom  panel).  Experiment  was  repeated  three  times  and  a  representative  experiment  is  presented  (mean±s.e.m.  in  three  separate  experiments). 

(b)  MDA-MB231  cells  were  transfected  with  control  or  Dub3  siRNA.  After  treatment  with  CHX  as  indicated  above,  expression  of  endogenous  Snaill  and 
Dub3  was  analysed  by  western  blot  (top  panel);  the  intensity  of  Snaill  expression  for  each  time  point  was  quantified  by  densitometry  and  plotted  (bottom 
panel)  (mean±s.e.m.  in  three  separate  experiments).  Experiment  was  repeated  three  times  and  a  representative  experiment  is  presented,  (c)  Flag-Snaill 
and  HA-ubiquitin  were  co-expressed  with  WT or  CS  mutant  Dub3  in  HEK293  cells.  After  treatment  with  10  pM  MG132  for  6  hr,  Snaill  was  subjected  to  IP 
and  the  poly-ubiquitination  of  Snaill  assessed  by  western  blot  using  HA  antibody.  IP  Snaill  was  blotted  using  Flag  antibody.  Input  protein  levels  of  Snaill  and 
Dub3  were  examined  using  Flag  and  Myc  antibodies,  respectively,  (d)  MDA-MB231  and  MDA-MB157  cells  stably  transfected  with  control,  or  Dub3  shRNA 
were  treated  with  MG132  for  6  hr.  Extracts  were  subjected  to  IP  with  Snaill  antibody  and  the  poly-ubiquitination  of  Snaill  assessed  by  western  blot  using 
ubiquitin  antibody.  Input  of  Snaill  and  Dub3  were  analysed  by  western  blot,  (e)  Ubiquitinated  Snaill  was  purified  from  MG132-treated  HEK293  cells 
expressing  Flag-Snaill,  and  then  incubated  with  purified  Myc-tagged  WT-Dub3  or  CS-Dub3  in  a  deubiquitination  assay  as  described  in  Experimental 
Procedures.  The  poly-ubiquitinated  state  of  Snaill  was  assessed  by  western  blot  using  HA  antibody.  The  immuno-purified  Snaill  and  Dub3  used  in  this 
assay  were  analysed  using  Flag  and  Myc  antibodies,  respectively,  (f)  Flag-Snaill  was  co-expressed  with  the  indicated  expression  plasmids,  and  the 
expression  of  Snaill,  Dub3,  FBXL14,  and  p-TRCPI  were  analysed  by  western  blot,  (g)  MDA-MB231  cells  were  transfected  with  indicated  siRNA  and  cell 
lysates  were  analysed  by  western  blot,  (h)  Flag-Snaill  and  HA-ubiquitin  were  co-expressed  with  indicated  expression  plasmids  in  HEK293  cells.  After 
treatment  with  10  pM  MG132  for  6  h,  Snaill  was  obtained  by  IP  and  the  poly-ubiquitination  of  Snaill  assessed  detected  by  western  blot  using  HA  antibody. 
IP  Snaill  was  blotted  using  Flag  antibody.  Input  protein  levels  for  Dub3,  FBXL14  and  p-TRCPI  were  assessed  by  western  blot. 
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Figure  4  |  Overexpression  of  Dub3  induces  EMT.  (a)  WT-  or  CS-Dub3  was  expressed  in  MCF7  and  T47D  cells.  A  rescue  experiment  with  knockdown 
of  Snaill  expression  in  WT-Dub3  expressing  cells  was  also  performed.  The  level  of  Snaill,  Dub3,  E-cadherin  and  ERa  was  analysed  by  western  blot. 

(b)  WT-  or  CS-Dub3  was  expressed  in  MCF7  cells.  A  rescue  experiment  with  knockdown  of  Snaill  expression  in  WT-Dub3  expressing  cells  was  also 
performed.  Morphologic  changes  indicative  of  EMT  are  shown  in  the  phase  contrast  images;  expression  of  E-cadherin,  ERa  and  Dub3  was  assessed  by 
IF  staining.  Nuclei  were  visualized  with  DAPI  (blue).  Scale  bars,  20  pm.  (c,d)  WT-  or  CS-Dub3  was  expressed  in  MCF7  cells.  A  rescue  experiment  with 
knockdown  of  Snaill  expression  in  WT-Dub3  expressing  cells  was  also  performed.  The  mRNA  levels  of  epithelial,  mesenchymal  (c),  luminal,  and  basal 
(d)  markers  were  quantitated  by  real-time  PCR.  Data  are  shown  as  mean  ±s.d.  of  two  separate  experiments  in  triplicates,  (e)  Boyden  chamber  migration 
assay  of  modified  MCF7  and  T47D  cells,  as  described  in  a.  Data  are  presented  as  mean  ±  s.e.m.  (f)  Boyden  chamber  invasion  assay  of  modified  MCF7  and 
T47D  cells,  as  described  in  a.  Data  are  presented  as  mean  ±  s.e.m. 


inhibiting  the  ubiquitination  of  Snaill,  leading  to  EMT19. 
Interestingly,  Dub3  was  initially  identified  as  an  early  response 
gene  after  stimulation  by  IL-6  and  other  cytokines21,22.  These 
observations  prompted  us  to  investigate  whether  IL-6  induces 
Snaill  stabilization  through  Dub3  expression.  We  treated 
MDA-MB231  and  MDA-MB1 57  cells  with  IL-6  (SOngml"1) 
for  different  time  intervals.  Consistent  with  previous  findings22, 
Dub 3  was  rapidly  induced  in  these  two  cell  lines  after  1  h  of 
IL-6  stimulation  (Lig.  7a).  Snaill  was  also  robustly  increased  after 


1  h  of  IL-6  stimulation  and  levels  reached  a  maximum  at  2  h. 
However,  Snaill  mRNA  levels  showed  no  significant  increase  by 
4h  of  IL-6  treatment  in  these  two  cell  lines  (Supplementary 
Lig.  6a).  In  contrast,  Dub3  knockdown  in  MDA-MB231  and 
MDA-MB157  cells  not  only  reduced  the  endogenous  level  of 
Snaill  but  also  blocked  IL-6-induced  Snaill  stabilization  (Lig.  7b). 

The  enzymatic  activity  of  Dub3  is  dependent  on  the  ubiquitin 
carboxyl-terminal  hydrolase  (UCH)  domain,  which  shares 
~  50%  sequence  similarity  (including  strictly  conserved  catalytic 
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Figure  5  |  Knockdown  of  Dub3  inhibits  migration,  invasion  and  CSC-like  characteristics  in  BLBC  cells  by  downregulation  of  Snaill.  (a)  Dub3  was 
knocked  down  by  two  different  shRNA  in  MDA-MB231  and  MDA-MB157  cells.  Rescued  Snaill  expression  in  these  Dub3-knockdown  clones  were  also 
performed.  The  expression  of  E-cadherin,  Claudin-7,  N-Cadherin,  Vimentin,  Dub3,  and  Snaill  was  analysed  by  western  blot,  (b)  IF  images  of  EMT markers  in 
MDA-MB231  cell  lines  described  in  (a).  Scale  bars,  20  pm.  (c)  Graphic  representation  of  cell  motility  described  in  a  analysed  by  a  wound  healing  assay. 
Data  are  the  percentage  of  migrating  cells  as  the  mean±s.e.m.  of  three  separate  experiments,  (d)  Graphic  representation  of  cell  invasion  described 
in  a.  Data  are  the  percentage  of  vector  control  values  (mean  ±  s.e.m.  in  three  separate  experiments  in  duplicates),  (e)  Cell  trajectories  of  randomly  selected 
cells  described  in  a;  each  line  indicates  an  individual  cell's  migration,  (f)  Graphic  representation  of  primary  and  secondary  tumorsphere-formation  from 
cells  described  in  a  and  are  the  mean±s.d.  from  three  independent  experiments  (left  panel),  (g)  Graphic  representation  of  the  CD44hlgh/CD24low  (top) 
and  CD49fhlgh/CD24low  population  from  cells  described  in  a  was  examined  by  FACS  analysis  and  are  the  mean  ±  s.e.m.  from  three  independent 
experiments. 


residues)  with  the  UCH  domain  of  USP2  (ref.  44),  for  which 
a  structure  has  recently  been  reported  (PDB  access  code 
2HD5;  please  see  ‘Methods’  for  detail)45.  We  performed 
a  docking  analysis  with  several  known  DUB  inhibitors  and 
found  that  WP1130  could  bind  to  the  catalytic  entry  site  of  the 


UCH  domain  (left  and  middle  panels,  Fig.  7c)46-48.  The  physical 
interaction  between  recombinant  Dub3  protein  and  WP1130 
was  further  confirmed  by  an  in  vitro  thermal  shift  binding 
assay49.  As  shown  in  Fig.  7c  (right  panel),  WP1130  binding 
to  Dub3  significantly  shifted  the  melting  temperature  (Tm)  of 
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Figure  6  |  Knockdown  of  Dub3  inhibits  tumour  metastasis  and  recurrence  of  breast  cancer  in  vivo,  (a)  MDA-MB231-luc  cells  stably  transfected  with 
control,  Dub3  shRNAs  or  Dub3-knockdown  cells  with  Snaill  rescued  expression  were  injected  through  tail  vein  into  female  SCID  mice.  Lung  metastasis  was 
assessed  every  week  by  bioluminescence  imaging.  Presented  images  are  representative  of  each  experimental  group,  (b)  Normalized  bioluminescence  signals 
from  lung  metastasis  in  mice  (n  =  6)  as  experiment  outlined  above.  Data  are  presented  as  mean±s.e.m.  (c)  Representative  images  of  lung  lesions  from 
experimental  groups  in  a.  (d)  Graphic  representation  of  lung  weight  and  number  of  metastatic  nodules  from  mice  in  experimental  groups  described  in  a. 
Data  are  presented  as  mean±s.e.m.  (e)  MDA-MB231  cells  stably  transduced  with  Dub3-inducible  shRNA  were  treated  with  or  without  DOX.  Expression 
of  Snaill  and  Dub3  were  analysed  by  western  blot,  (f)  Schematic  diagram  outlining  the  experimental  metastasis  model  (left  panel).  Images  are  the 
representative  H&E  stained  lung  sections  (middle  panel)  and  quantification  of  lung  weight  (right  panel)  from  these  mice,  (g)  Schematic  diagram  outlining  the 
spontaneous  metastasis  model  (left  panel).  Graphic  representation  of  recurrent  tumour  size  (middle  panel)  and  metastatic  lung  nodules  from  these  mice 
(right  panel).  For  (f,g)  P  values  were  determined  by  Student's  t- test.  Data  are  presented  as  mean±s.e.m. 


Dub3  while  the  furan  compound  (negative  control)  had  no 
effect  under  the  same  conditions.  Negative  Tm  shifts  (ATm)  can 
be  attributed  to  the  compound  destabilizing  the  protein  or  to 
the  compound  aggregating  and  causing  early  destabilization50. 
These  types  of  negative  shifts  were  observed  for  the  compounds 
which  contain  heavy  metal  atoms,  such  as  bromine  (Br)  in 
WP1130,  and  generate  energetically  unfavourable  strains 


when  interacting  with  the  proteins51,52.  In  addition,  the 
direct  binding  between  Dub3-UCH  and  WP1130  was 
demonstrated  by  the  shifts  during  a  native  gel  analysis  in 
which  similar  dose- dependency  and  potential  protein 
destabilization  was  observed  (Supplementary  Fig.  6b).  These 
data  clearly  indicate  that  WP1130  physically  interacts  with 
Dub3  and  can  potentially  alter  its  enzymatic  activity.  We  thus 
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Figure  7  |  Dub3  is  critical  for  IL-6  induced  Snaill  stabilization,  (a)  MDA-MB157  and  MDA-MB231  cells  were  serum  starved  for  24  h,  then  treated  with 
IL-6  for  different  time  intervals.  Expression  of  endogenous  Snaill  and  Dub3  were  assessed  by  western  blot,  (b)  MDA-MB231  and  MDA-MB157  cells  with 
Dub3-knockdown  by  two  individual  shRNAs  or  vector  control  were  serum  starved  for  24  h  followed  by  IL-6  treatment  for  4h.  Expression  of  endogenous 
Snaill  and  Dub3  were  assessed  by  western  blot,  (c)  A  predicted  model  structure  of  Dub3  and  WP1130  complex.  The  Dub3-UCH  domain  structure  (yellow) 
is  shown  as  ribbons  while  WP1130  (magenta)  and  the  catalytic  triad  residues  (sky  blue:  Cys89,  His334,  and  Asp350)  are  shown  as  sticks.  The  inhibitor 
molecule  binds  to  the  opening  surface  of  the  active  site  where  the  ubiquitin  cleavage  site  is  presented.  A  zoom-up  view  of  the  interaction  network  is  shown 
in  the  inset  where  the  interacting  residues  are  represented  by  sticks.  These  interactions  include  hydrogen  bonds  with  backbone  atoms  (dotted  lines)  and 
potential  halogen  (Br)  bonding  interactions  with  the  neighbouring  electronegative  atoms.  Normalized  melting  curves  (Right  panel)  depicting  dose- 
dependent  shifted  thermal  stability  of  Dub3  by  WP1130  (coloured  lines)  from  that  of  the  apo  protein  (grey  line),  but  not  by  a  furan  compound  (dotted  line; 
negative  control).  Tm  for  apo  protein  and  ATm  values  for  compound-bound  proteins  are  indicated,  (d)  MDA-MB231  and  MDA-MB157  cells  stably 
expressing  control  vector  or  Dub3  shRNA  were  treated  with  0.5  |iM  WP1130  for  24  h  and  analysed  for  cell  migration  using  a  wound  healing  assay.  Graphic 
representation  is  the  percentage  of  migration  (mean±s.e.m.  in  three  separate  experiments),  (e)  MDA-MB231  and  MDA-MB157  cells  stably  expressing 
control  vector  or  Dub3  shRNA  were  treated  with  0.5  pM  WP1130  for  4  h  and  analysed  for  cell  invasion.  Graphic  representation  is  the  percentage  of  invasive 
cells  (mean  ±  s.e.m.  in  three  separate  experiments  in  duplicates),  (f)  MDA-MB231  and  MDA-MB157  cells  stably  expressing  control  vector  or  Dub3  shRNA 
were  treated  with  0.5  pM  WP1130  and  analysed  for  tumorsphere-formation.  Graphic  representation  is  the  number  of  tumorspheres  (mean  ±  s.e.m.  in  three 
separate  experiments).  (g,i)  MDA-MB231-luc  cells  were  injected  into  the  mammary  fat  pad  of  SCID  mice.  When  tumours  reached  100  mm3, 
mice  were  divided  into  two  groups  and  treated  with  WP1130  (50  mg  kg-1)  or  solvent,  respectively.  Tumour  size  was  recorded  by  bioluminescence 
imaging  before  or  after  2-week  of  treatment  (g).  Tumour  growth  (h)  and  weights  (i)  were  measured.  Presented  data  are  the  mean  ±  s.d.  from  six  mice. 
*P<0.05,  **P<0.01;  Student's  t- test. 
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Table  1  |  Expression  of  Snaill  in  different  subtypes  of  breast 
tumour  specimens. 

Negative 

Snaill 

Low 

High 

Total 

Non-TNBC 
‘Luminal  (ER  +  ) 

42 

38 

30 

110  169 

tHER2  + 

15 

26 

18 

59 

*TNBC  CER  ,  PR-,  HER2“) 

21 

33 

111 

165 

Total 

78 

97 

159 

334 

*P  =  0.210,  R  =  -0.097. 

|P  =  0.210,  R  =  0.097. 
tP  =  0.010,  R  —  0.488. 

Table  2  |  Expression  of  Dub3  in  different  subtypes  of  breast 
tumour  specimens. 

Negative 

Dub3 

Low 

High 

Total 

Non-TNBC 
‘Luminal  (ER  +  ) 

36 

45 

29 

110  169 

tHER2  + 

14 

23 

22 

59 

*TNBC  CER",  PR-,  HER2-) 

32 

31 

102 

165 

Total 

82 

99 

153 

334 

*P  =  0.112,  R=  -0.123. 

|P  =  0.112,  R  =  0.123. 

JP  =  0.010,  R  =  0.379. 

treated  MDA-MB231  cells  with  WP1130  and  PR619, 
a  non-selective  inhibitor  of  the  deubiquitinating  enzymes53. 
Treatment  of  0.5  pM  WP1130  dramatically  inhibited  the  intrinsic 
and  IL-6-induced  Snail  1  stabilization  while  PR619  was  less 
effective  (Supplementary  Fig.  6c).  These  results  provide  proof-of- 
concept  that  a  Dub3  inhibitor  will  suppress  the  function  of  Snail  1 
by  promoting  its  degradation;  the  findings  also  provide  insight 
into  an  effective  treatment  modality  for  patients  with  BLBC. 
To  further  assess  whether  WP1130  treatment  can  inhibit 
Snail  1  function,  we  first  assessed  the  cytotoxicity  of  this 
compound  in  normal  human  breast  epithelial  (MCF10A)  and 
in  tumour  (MDA-MB231)  cell  lines.  Treatment  with  1  jiM 
WP1130  for  up  to  48  h,  did  not  elicit  any  cytotoxicity  in  these 
cells  (Supplementary  Fig.  6d).  We  then  treated  the  cells  with 
0.5  pM  WP1130  and  performed  functional  assays.  We  found 
that  WP130  not  only  reduced  tumour  cell  migration  and  invasion 
but  also  inhibited  tumour  mammosphere  formation  (Fig.  7d-f, 
Supplementary  Fig.  7a-c).  The  suppressive  effects  of  WP1130 
are  mainly  mediated  through  Dub3  inhibition,  because 
Dub3  knockdown  greatly  reduced  the  suppressive  effects 
mediated  by  WP1130. 

In  vivo  studies  were  performed  by  injecting  MDA-MB231  cells 
into  the  mammary  fat  pads  of  NOD-SCID  mice.  When  tumours 
were  ~  100  mm3,  mice  were  divided  into  two  groups  to  receive 
treatments  of  WP1130  or  solvent  control  for  two  weeks.  We 
found  that  WP1130  treatments  significantly  inhibited  tumour 
growth  (Fig.  7g-i).  Taken  together,  these  data  indicate  that  the 
Dub3 -Snail  1  axis  is  the  critical  ‘sensor-executor  module’ 
controlling  EMT  in  response  to  microenvironmental  signals. 


Dub3  and  Snaill  are  coordinately  overexpressed  in  tumours. 

To  further  examine  the  Dub3 -Snaill  relationship  in  human 
breast  cancer,  we  performed  immunohistochemical  (IHC) 


Table  3  |  Co-expression  of  Dub3  and  Snaill  in 
subtypes  of  breast  cancer  specimens. 

different 

Dub3 

Snaill 

Total 

Negative 

Low 

High 

Non-TNBC 

Tuminal  (ER  +  ) 

Negative 

17 

12 

7 

36 

110  169 

Low 

16 

13 

16 

45 

High 

9 

13 

7 

29 

tHER2  + 

Negative 

3 

8 

3 

14 

59 

Low 

6 

12 

5 

23 

High 

6 

6 

10 

22 

*TNBC  (ER-,  PR-,  HER2-) 

Negative 

17 

8 

7 

32 

165 

Low 

2 

15 

14 

31 

High 

2 

10 

90 

102 

Total 

78 

97 

159 

334 

*P  =  0.265,  R=  0.107. 

|P  =  0.424,  R  =  0.106. 

JP  =  0.001,  R=  0.643. 

analysis  to  examine  Dub3  and  Snaill  expression  in  a  breast 
TMA  generated  by  the  Bio-specimen  Repository  in  our  Cancer 
Center  at  the  University  of  Kentucky  College  of  Medicine.  The 
TMA  contains  334  cases  of  breast  tumour  specimens,  including 
110  luminal,  59  HER2 -over expressing  and  165  triple- negative 
breast  cancer  (TNBC)  (Tables  1-3).  Consistent  with  our 
observations  in  tumour  cell  lines,  the  intensity  and  distribution  of 
Dub3  positively  correlated  with  Snaill  in  TNBC  (Tables  1-3, 
Fig.  8a).  We  also  found  that  Dub3  was  upregulated  in  invasive 
tumour  tissue  compared  with  normal  breast  tissue  from  two 
gene  expression  datasets  in  Oncomine  (Supplementary  Fig.  8). 

Because  Snaill  expression  predicts  decreased  relapse-free 
survival  in  women  with  breast  cancer54,  we  reasoned  that 
women  with  primary  breast  cancers  expressing  high  level  of 
Dub3  relapsed  at  a  faster  rate  than  women  whose  breast  cancers 
express  low  level  of  Dub3  in  a  pattern  similar  to  that  of  Snaill. 
Therefore,  we  analysed  two  microarray  expression  datasets 
derived  from  primary  human  breast  cancers  in  which  both 
Dub3  expression  level  and  clinical  outcome  were  available. 
Intriguingly,  individuals  with  high  Dub3  expression  had 
a  significantly  higher  probability  of  developing  distant 
metastasis  and  a  reduced  interval  of  disease-free  survival 
(Fig.  8b).  These  results  suggest  that  Dub3  expression  may 
represent  an  important  prognostic  indicator  for  breast  cancer  in 
the  clinical  setting. 


Discussion 

Snaill  is  a  crucial  transcription  factor  that  plays  an  essential  role 
in  EMT,  metastasis,  CSC-like  properties,  metabolism  and  tumour 
recurrence.  In  this  study,  we  found  that  Dub3  is  a  bona  fide 
DUB  for  Snaill.  The  function  of  Dub3  is  likely  conserved  from 
Drosophila  to  mammals,  and  knockdown  of  Dub 3  increases, 
whereas  Dub3  expression  decreases,  the  ubiquitination  and 
degradation  of  Snaill.  The  loss  of  Dub3  can  be  rescued  by 
expressing  exogenous  Snaill.  Most  critically,  a  tight  correlation 
between  Dub3  and  Snaill  on  multiple  cancer  cell  lines  and 
human  breast  tumour  specimens  confirms  their  potential 
regulation.  Our  study  provides  several  new  insights  into  the 
involvement  of  ubiquitination  in  breast  cancer  metastasis.  First, 
our  study  suggests  that  the  Dub3 -Snaill  signalling  axis  represents 
an  important  ‘sensor- executor’  module  in  breast  cancer.  It  has 


12 


NATURE  COMMUNICATIONS  |  8:14228  |  DOI:  10.1038/ncomms14228  |  www.nature.com/naturecommunications 


NATURE  COMMUNICATIONS  |  DPI:  10.1038/ncomms14228 


ARTICLE 


S  -r-  •  u-AV.  ' 


CO  ' 


■t  ■  T' 

■  '  ’■ ' L  ;  -  f ■-  A  _ 

i  jp  v  -  “rf .  .i-  ,  :.  .  « 

-:,  -xV  ;®K^; 


TCGA  data-set 


Finak data-set 


0  10  20  30  40  50  60  70  (months) 


C  Inflammation  (IL-6) 

f 

Jak2/STAT3 


4 


Figure  8  |  Expression  of  Dub3  and  Snaill  are  positively  correlated  in  breast  cancer  patients,  (a)  The  334  surgical  specimens  of  breast  cancer  were 
immunostained  using  antibodies  against  Dub3,  Snaill,  and  the  control  serum  (data  not  shown).  Images  with  consecutive  IHC  staining  of  both  Dub3  and 
Snaill  in  six  cases  of  breast  tumours  (top  panel:  three  cases  of  negative  staining;  bottom  panel:  three  cases  of  positive)  are  shown  (Scale  bars,  50  pm). 
Statistical  analysis  is  shown  Tables  1-3.  (b)  Kaplan-Meier  plots  of  distant  metastasis-free  survival  of  patients,  stratified  by  expression  of  Dub3.  Data 
obtained  from  the  TCGA  and  Finak  database.  P-values  represent  log-rank  testing  of  the  difference  in  cumulative  survival,  (c)  A  proposed  model  to  illustrate 
Dub3  induces  Snaill  stabilization  through  a  deubiquitination  event.  IL-6  induces  the  expression  of  Dub3,  which  antagonizes  the  function  SnailTs  ubiquitin  E3 
ligase  (such  as  FBXL14  and  p-TRCPI),  leading  to  Snaill  stabilization  and  the  acquisition  of  EMT  and  metastasis. 


been  noted  that  the  migration  and  invasive  capabilities  of  tumour 
cells  at  the  invasive  front  are  initiated  and  propelled  by 
an  inflammatory  microenvironment  through  the  induction  of 
EMT.  IL-6,  a  major  cytokine  present  in  the  tumour  microenvir¬ 
onment,  can  induce  EMT  and  promote  metastasis  through  the 
STAT3  signalling  pathway  in  breast  cancer,  head  and 


neck  cancer  and  pancreatic  cancer55.  Elevated  IL-6  level 
predicts  tumour  recurrence,  poor  response  to  chemotherapy, 
poor  survival  and  tumour  metastasis56.  IL-6  is  also  identified 
as  a  major  cytokine  secreted  by  BLBC  cells  and  is  essential  for 
the  CSC-like  characteristic  of  BLBC57.  Therefore,  it  is  likely 
that  BLBC  cells  and  infiltrated  TAMs  secrete  IL-6  and  provide 
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autocrine  and  paracrine  feed-forward  mechanisms,  respectively, 
to  sustain  EMT  and  maintain  CSC-like  traits.  Intriguingly, 
BLBC  cells  contain  high  levels  of  Dub3  and  Snail  1  and  possess 
invasiveness  and  CSC-like  characteristics.  In  contrary,  the 
ERa-positive  luminal  subtype  breast  tumour  cells  (such  as 
MCF7  and  T47D),  do  not  express  IL-6  (ref.  55)  and  contain 
little  Snaill.  Interestingly,  Dub3  is  an  early  response  gene  of 
IL-6,  and  our  study  indicates  that  Dub3  is  a  critical 
deubiquitinase  of  Snaill.  Therefore,  Dub3  is  one  of  the  ‘long- 
sought’  missing  molecule  that  senses  extracellular  inflammatory 
signals  and  converts  them  to  Snaill  stabilization,  which  leads 
to  the  acquisition  of  CSC-like  traits,  invasion  and  therapeutic 
resistance  in  BLBC  (Fig.  8c). 

Second,  our  study  indicates  that  Dub3  can  block  the  activity  of 
P-TRCP1  and  FBXL14  to  stabilize  Snaill.  Three  E3  ligases  have 
been  identified  that  mediate  Snaill  degradation.  We  previously 
demonstrated  that  GSK-3|3  phosphorylates  Snaill  and  promotes 
its  nuclear  export  and  interaction  with  P-TRCP1  (ref.  11). 
FBXL14,  the  human  homologue  of  the  Partner  of  Paired 
(Ppa)  gene  product  which  degrades  Snaill  in  Xenopus  laevis , 
also  degrades  Snaill  in  a  phosphorylation- independent  manner18. 
Recently,  it  has  been  shown  that  Snaill  can  also  be  degraded 
by  FBXOll  in  a  PDK1  phosphorylation-dependent  manner  in 
the  nucleus17,58.  It  is  likely  that  these  different  F-box  containing 
E3  ligases  function  differently  under  diverse  cellular  contexts. 
We  found  that  Dub3  can  counteract  the  function  of  P-TRCP1 
and  FBXL14  by  stabilizing  Snaill.  Intriguingly,  both 
P-TRCP1  and  FBXL14  can  also  modulate  the  degradation  of 
other  EMT-TFs,  such  Slug  and  Twist18,59,60.  Whether  Dub3  can 
also  counteract  the  function  of  P-TRCP1  and  FBXL14  in 
stabilizing  Slug  and  Twist  is  a  question  that  requires  further 
investigation. 

Third,  our  study  indicates  that  Dub3  is  an  excellent  therapeutic 
target  for  the  inhibition  of  breast  cancer  metastasis  and 
recurrence.  Snaill  becomes  stabilized  and  elevated  in  BLBC, 
but  there  is  no  clear  ligand-binding  domain  for  targeting  Snaill, 
which  creates  a  formidable  obstacle  for  the  development  of 
small  molecules  to  inhibit  Snaill ’s  functions.  Our  results  indicate 
that  Dub3  is  a  crucial  molecule  controlling  inflammation- 
mediated  Snaill  stabilization.  Indeed,  WP1130,  which  can  bind 
to  the  catalytic  entry  site  of  the  Dub3  UCH  domain,  blocked 
tumour  cell  migration,  invasion  and  suppressed  CSC-like 
properties.  These  data  provide  a  proof-of-concept  for  therapeutic 
development  of  small  molecules  to  inhibit  the  activity  of  Dub 3  in 
metastatic  breast  cancer.  Consistent  with  our  findings,  DUBs 
have  emerged  as  a  potential  therapeutic  target,  given  their  role 
in  several  human  diseases  including  cancer61.  For  example, 
the  efficacy  of  a  small  molecule  inhibitor  of  USP7  in  multiple 
myeloma  disease  models  provide  the  rationale  for  the 
development  of  next-generation  USP-based  therapies,  and 
specifically  demonstrates  the  promise  of  therapeutics  targeting 
DUB  to  improve  patient  outcome62.  Previously,  Dub3  has 
been  demonstrated  to  regulate  both  cell  proliferation  and 
Gl/S  cell-cycle  progression  and  is  increased  in  tumours.  The 
current  data  strengthens  the  view  that  Dub3  is  an  ideal  candidate 
for  the  development  of  potential  inhibitors  for  cancer  treatment 
based  on  the  dual  role  of  Dub 3  in  regulating  cell  growth 
and  metastasis. 

Methods 

Plasmids  and  reagents.  Plasmids  of  wild-type  and  deletion  mutants  for  Snaill 
were  generated  as  described26.  The  WT-Dub3  was  from  addgene.  Dub3  (C89S)  was 
generated  using  the  QuikChange  Mutagenesis  kit  (Stratagene,  La  Jolla,  CA)  as 
described  previously31.  All  sequences  were  verified  by  DNA  sequencing.  Deletion 
mutants  of  Dub3  were  constructed  as  described  previously31.  Antibodies  used 
include:  anti- Flag  (F3165,  1:4,000,  anti-Actin  (A2228,  1:10,000),  anti-Myc 
(9E10,  1:3,000)  from  Sigma-Aldrich  (St.  Louis,  MO),  Anti-Dub3  (Abeam,  abl2991, 


1:1,000);  anti-Ub  (Millipore,  MAB1510,  1:500),  N-cadherin  (Upstate,  05-915, 
1:1,000),  anti- Snaill  (Cell  Signaling,  4719,  1:1,000),  Vimentin  (Ab-2,  1:2,000) 
and  ERa  (Ab-15,  1:1,000)  from  Neomarkers,  anti-HA  (Roche,  3F10,  1:10,000), 
and  anti-E-cadherin  (610181,  1:10,000,  BD  Bioscience)  and  Claudin-7 
(Abeam,  ab27487,  1:1,000).  Dub3  shRNA  expression  plasmids  were  purchased  from 
MISSION  shRNA  at  Sigma-Aldrich  (St.  Louis,  MO).  WP1130  and  PR619  were  from 
Selleck.  Smartpool  siRNA  against  human  Dub3  was  from  Dharmacon  (Chicago,  IL). 

Cell  culture.  The  human  embryonic  kidney  HEK293,  breast  cancer  MDA-MB231, 
MDA-MB157,  MCF7,  SKBR3,  and  colon  cancer  HCT116,  HT-29  cell  lines  were 
purchased  from  the  American  Type  Culture  Collection  (Manassas,  VA)  and  grown 
in  Dulbecco’s  modified  Eagle’s/F12  medium  plus  10%  fetal  bovine  serum  as 
described  previously26.  Breast  cancer  cell  lines  (T47D,  ZR75,  BT474)  and  prostate 
cancer  cell  lines  (LNCaP,  Dul45,  PC3)  were  grown  in  RPMI1640  plus  10%  FBS. 
The  culture  medium  for  SUM159  and  SUM149  is  Ham’s  F-12  (Invitrogen) 
supplemented  with  5%  FBS,  5  pg  mL  1  insulin,  and  1  pig  ml -  1  hydrocortisone 
(Sigma,  St.  Louis,  MO).  All  the  cells  lines  are  routinely  checked  for  morphological 
and  growth  changes  to  probe  for  cross-contaminated,  or  genetically  drifted  cells. 
If  any  of  these  features  occur,  we  use  the  short  tandem  repeat  (STR)  profiling 
service  by  ATCC  to  re-authenticate  the  cell  lines. 

Small  interfering  RNA  library  screening.  The  human  deubiquitinating  enzyme 
siGENOME  RTF  Library  was  purchased  from  Dharmacon  (Chicago,  IL).  The 
screen  was  performed  according  to  manufacturer’s  instructions.  In  brief,  the  cells 
were  added  to  the  rehydrated  Dharmacon  RTF  siRNA  library  plates.  Two  days 
later,  the  cell  lysates  were  extracted  and  the  expression  of  Snaill  was  detected  with 
western  blot. 

Invasion  assay.  Invasion  assays  were  performed  in  Boyden  chambers  coated  with 
Matrigel  as  instructed  by  the  manufacturer  (BD  Biosciences,  San  Jose,  CA).  Various 
cancer  cell  lines  were  seeded  on  the  top  of  the  Matrigel  in  the  upper  chamber  while 
the  bottom  chambers  were  filled  with  non-serum  culture  medium  plus  100  nM 
LPA.  The  invasive  cancer  cells  were  stained  with  crystal  violent.  All  experiments 
were  performed  in  triplicate. 

Single-cell  migration  assay.  Cells  were  seeded  on  glass-bottomed  dishes 
(MatTek,  Ashland,  MA,  USA)  that  had  been  coated  with  5pgml_1  fibronectin. 
Real-time  images  were  taken  under  Nikon  Biostation  IMQ  Cell  every  10  min 
for  6  h.  The  movement  of  individual  cells  was  analysed  using  NIS-Element 
AR  Software  (Nikon),  and  the  distance  that  was  travelled  during  time  was 
measured  as  indicated. 

GST  pull-down  assay.  Glutathione-S-transferase  proteins  were  expressed  as 
described  previously31.  Cells  were  subjected  to  lysis  in  GST  pull-down  buffer 
(20  mM  Tris,  150  mM  NaCl  and  1%  Nonidet  P-40  with  protease  cocktail)  and 
rotated  with  glutathione-Sepharose-bound  GST-Snaill  or  GST-Dub3.  The 
binding  complexes  were  eluted  with  SDS-PAGE  sample  buffer.  About  one-tenth  of 
these  eluents  were  analysed  by  western  blot  and  the  rest  were  examined  for  the 
presence  of  purified  GST  protein  by  Coomassie  Blue  staining. 

Immunoprecipitation  and  western  blotting.  For  protein  extraction,  5  x  105  cells 
per  well  were  plated  onto  six-well  plates  and  transiently  transfected  with  indicated 
expression  plasmids.  At  48  h  after  transfection,  cells  were  incubated  with  or 
without  the  proteasome  inhibitor  MG  132  (10  pM)  for  an  additional  6h  before 
protein  extraction  and  western  blot  analysis.  Primary  antibodies  against  Flag 
(M2,  1:1,000)  and  HA  (3F10,  1:4,000)  were  used  for  protein  detection.  For 
IP,  HEK293  cells  transfected  with  the  indicated  expression  plasmids  were  lysed  in 
buffer  (50  mM  Tris  (pH  7.5),  150  mM  NaCl,  5pgml_1  aprotinin,  1  pgml-1 
pepstatin,  1%  Nonidet  P-40,  1  mM  EDTA  and  0.25%  deoxycholate).  Total  cell 
lysates  (1,000  pi)  were  incubated  overnight  with  1  pg  of  anti-HA  or  anti-Flag 
antibody  conjugated  to  agarose  beads  (Roche  Molecular  Biochemicals)  at  4  °C. 
The  beads  were  then  washed  with  lysis  buffer,  and  the  immunoprecipitated 
protein  complexes  were  resolved  by  10%  SDS-PAGE.  Some  important  original 
immunoblotting  results  are  shown  in  Supplementary  Fig.  9. 

Immunofluorescence  staining.  For  IF  microscopy,  cells  were  grown  on  cover 
slips,  fixed  with  4%  paraformaldehyde  and  incubated  overnight  with  anti-Dub3 
and  anti-Snaill  antibodies.  Proteins  were  visualized  by  incubation  with  goat 
anti-mouse  conjugated  with  Alexa  fluor  568  and  goat-anti-rabbit  conjugated  with 
Alexa  fluor  488,  respectively  (Invitrogen,  Carlsbad,  CA).  Finally,  cover  slips  were 
incubated  with  4/,6/-diamidino-2-phenylindole  (Sigma-Aldrich)  for  20  min  and 
visualized  under  a  fluorescent  microscope. 

Immunohistochemical  staining.  Breast  cancer  tissue  microarray  (TMA)  of 
334  cases  of  invasive  ductal  carcinomas  is  obtained  from  the  tissue  bank  at  the 
Markey  Cancer  Center’s  tissue  repository  at  our  institute.  Tissue  samples  were 
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stained  with  anti-Dub3  (Abeam,  abl2991,  1:100  dilution)  and  anti-Snaill 
(Abeam,  ab53519,  1:250  dilution)  antibodies,  and  each  sample  was  scored  by  an 
H- score  method  that  combines  the  values  of  immunoreaction  intensity  and  the 
percentage  of  tumour  cell  staining  as  described  previously19.  Chi-square  analysis 
was  used  to  analyse  the  relationship  between  Dub3  and  Snail  1  expression;  statistical 
significance  was  defined  as  P<  0.05. 

Quantitative  real-time  PCR.  Total  RNA  was  isolated  using  RNeasy  Mini  kit 
(Qiagen)  according  to  the  manufacturer’s  instructions.  Specific  quantitative 
real-time  PCR  experiments  were  performed  using  SYBR  Green  Power  Master  Mix 
following  manufacturer’s  protocol  (Applied  Biosystems). 

Fluorescence-activated  cell  sorting.  Cells  were  detached  from  plates  and  incu¬ 
bated  with  anti-human  CD44  and  anti-human  CD24  (PE-conjugated,  ebioscience) 
or  anti-human  CD49f  (PE/Cy7  CD49f,  e-Bioscience),  finally  analysed  using  a 
FACSCalibur  flow  cytometer. 

Tumorsphere  formation  assay.  Tumorsphere  cultures  were  performed  as  descri¬ 
bed  in  Dontu  et  al.63.  In  brief,  Cell  monolayers  were  plated  as  single-cell  suspensions 
on  ultra-low  attachment  plates  (Corning)  in  DMEM/F12  medium  supplemented 
with  20ngml_1  EGF,  lOpgml-1  insulin,  0.5|igml-1  hydrocortisone  and  B27. 
Tumorspheres  were  counted  via  visual  inspection  after  5-10  days. 

In  vivo  ubiquitination  assay.  HEK293  cells  were  transfected  with  HA-ubiquitin, 
Flag-Snaill  and  Myc-Dub3  plasmids  as  indicated.  The  cells  were  treated  for 
6  h  with  10  |iM  MG  132  at  48  h  post  transfection,  and  then  lysed.  The  samples  were 
immunoprecipitated  using  anti-Flag  agarose  (Sigma). 

In  vitro  deubiquitination  assay.  The  in  vitro  deubiquitination  was  performed  as 
described32.  Briefly,  HA-ubiquitin  and  Flag-Snaill  were  co-expressed  in  HEK293 
cells.  After  cells  were  treated  with  10  pM  MG  132  for  6h,  ubiquitinated  Snail  1  was 
isolated  by  IP  with  Flag  antibody.  In  a  parallel  experiment,  Myc-Dub3  (WT  or  CS) 
or  vector  was  expressed  in  HEK293  cells,  and  purified  by  IP  with  anti-Myc  Affinity 
Matrix  (Roche,  USA).  The  purified  Dub3  was  eluded  with  Myc  peptide,  dialyzed 
and  subsequently  incubated  with  ubiquitinated  Snail  1  in  a  deubiquitination 
reaction  buffer  (50  mM  HEPES,  pH  7.5,  100  mM  NaCl,  5%  glycerol,  5  mM  MgCl2, 
1  mM  ATP  and  1  mM  DTT)  at  30  °C.  The  ubiquitinated  status  of  Snaill  was 
analysed  by  western  blot  with  HA  antibody. 

Complex  model  structure  of  Dub3  and  WP1130.  For  protein-ligand  docking 
studies,  the  three-dimensional  (3D)  structure  of  Dub3-UHC  was  built  by  com¬ 
parative  protein  structure  modelling  from  the  homologous  USP2  crystal  structure 
(PDB  access  code  2HD5)  as  a  template  using  the  programme  MODELLER64.  The 
WP1130  atomic  coordinates  were  generated  using  the  stereochemistry  information 
stored  in  PubChem.  The  complex  structure  was  modelled  using  the  SwissDock 
protein-small  molecule  docking  simulation  software65.  This  software  adopts  the 
CHARMM  simulation  programme66,  which  preforms  numerous  conformational 
and  path  sampling  methods,  free  energy  estimates,  molecular  minimization, 
dynamics  and  analysis  techniques.  This  programme  has  been  known  to  be  highly 
successful  for  small  and  relatively  rigid  ligands  with  <10  flexible  rotatable  bonds. 

Fluorescence  based  thermal  shift  assay.  Purified  recombinant  Dub3  protein  was 
used  to  screen  small  molecule  compounds  in  a  fluorescence  based  thermal  shift 
assay49.  Dub3  protein  was  dispersed  in  a  buffer  containing  20  mM  HEPES, 
pH  7.0  and  150  mM  NaCl.  The  final  protein  concentration  in  a  20  pi 
reaction  volume  was  10  pM.  Ligands  to  be  tested  were  added  at  2  x  ,  4  x  ,  or 
6  x  concentration  such  that  the  DMSO  concentration  never  exceeded  2%.  SYPRO 
Orange  dye  (Invitrogen)  was  added  last  at  a  5  x  concentration.  The  PCR  tubes 
were  then  sealed,  centrifuged  and  heated  from  25  to  95°  at  a  rate  of  1°  per  min  on 
7500  Real-Time  PCR  machine  (Applied  Biosystems).  Raw  data  analysis  and  curve 
fitting  to  calculate  Tm  values  was  performed  as  described. 

In  vivo  tumorigenesis  assay.  Female  SCID  mice  (6-8  week  old)  were  purchased 
from  Taconic  (Germantown,  NY)  and  maintained  and  treated  under  specific 
pathogen-free  conditions.  All  procedures  were  approved  by  the  Institutional 
Animal  Care  and  Use  Committee  at  the  University  of  Kentucky  College  of 
Medicine  and  conform  to  the  legal  mandates  and  federal  guidelines  for  the  care  and 
maintenance  of  laboratory  animals.  Mice  were  injected  with  the  breast  cancer 
MDA-MB231-luc  cells  and  corresponding  stable  clones  with  knockdown  of  Dub 3 
or  Snaill  expression  (5  x  105  cells  per  mouse,  6  mice  per  group)  via  tail  vein 
injection.  Lung  metastasis  was  monitored  by  the  IVIS  bioluminescence  imaging 
system. 

For  the  spontaneous  metastatic  model,  mice  were  injected  with  the  breast 
cancer  MDA-MB231-luc  cells  and  corresponding  inducible  stable  cells  via 
mammary  gland  fat  pad.  The  growth  of  the  primary  tumour  was  monitored  by 
external  caliper  measurement  once  a  week.  When  tumours  were  ~  1  cm3,  the 


primary  tumour  was  surgically  removed  and  the  incision  was  closed  with  wound 
clips.  The  mice  were  randomly  separated  into  two  groups  and  treated  with  or 
without  doxycycline  in  the  drinking  water.  Animals  were  euthanized  5  weeks  after 
primary  tumour  removal  to  investigate  the  development  of  pulmonary  metastasis. 

For  animals  subjected  to  drug  treatment,  MDA-MB231-luc  cells  were  injected 
into  the  mammary  gland  fat  pad  of  8 -week-old  female  SCID  mice.  Tumour  growth 
was  monitored  with  caliper  measurements.  When  tumours  were  ~  100  mm3  in 
size,  WP1130  was  administered  every  other  day  for  2  weeks.  Data  were  analysed 
using  the  Student’s  f-test;  a  P  value  <  0.05  was  considered  significant. 

Patient  samples.  The  frozen  fresh  tumour  samples  were  collected  from  resected 
breast  tumours  from  patients  at  our  institute  with  the  approval  of  the  Institutional 
Review  Board.  These  frozen  samples  were  ‘snap-frozen’  in  liquid  nitrogen  and  stored 
at  —  80  °C.  Each  sample  was  examined  histologically  with  hematoxylin  and  eosin 
(H&E)  stained  sections.  Regions  from  tumour  samples  were  microdissected  and 
examined.  Only  samples  with  a  consistent  tumour  cell  content  of  more  than  75%  in 
tissues  were  used  for  analysis.  Samples  were  then  homogenized  using  20  strokes  of  a 
Dounce  homogenizer  in  1  ml  of  homogenizing  buffer.  Following  centrifugation, 
pellets  were  re-suspended  in  lysis  buffer  and  processed  for  western  blot. 

Data  availability.  The  data  that  support  the  findings  of  this  study  are  available 
from  the  corresponding  authors  upon  reasonable  request. 
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Twist-mediated  Epithelial- 
mesenchymal  Transition  Promotes 
BreastTumorCell  Invasion  via 
Inhibition  of  Hippo  Pathway 

Yifan  Wang1'4'*,  Jingyi  Liu2'3'4'*,  Xuhua  Ying1,  Pengnian  Charles  Lin3  &  Binhua  P.  Zhou4 


Twist  is  a  key  transcription  factor  for  Epithelial-mesenchymal  transition  (EMT),  which  is  a  cellular  de¬ 
differentiation  program  that  promotes  invasion  and  metastasis,  confers  tumor  cells  with  cancer  stem 
cell  (CSC)-like  characteristics,  and  increases  therapeutic  resistance.  However,  the  mechanisms  that 
facilitate  the  functions  of  Twist  remain  unclear.  Here  we  report  that  Twist  overexpression  increased 
expression  of  PARI,  an  upstream  regulator  of  the  Hippo  pathway;  PARI  promotes  invasion,  migration, 
and  CSC-like  properties  in  breast  cancer  by  activating  the  transcriptional  co-activatorTAZ.  Our  study 
indicates  that  Hippo  pathway  inhibition  is  required  for  the  increased  migratory  and  invasiveness  ability 
of  breast  cancer  cells  in  Twist-mediated  EMT. 


Breast  cancer  is  the  most  common  cancer  in  women  worldwide,  and  approximately  90%  of  breast  cancer  deaths 
are  the  result  of  metastasis.  Metastasis  is  the  process  by  which  tumor  cells  detach  from  a  primary  tumor  and 
migrate  to  nearby  blood  vessels  or  the  lymph  system,  and  are  thereby  able  to  spread  to  other  organs  in  the  host1. 
During  metastasis,  tumor  cells  acquire  a  highly  motile  phenotype  through  a  de- differentiation  program  known 
as  epithelial  to  mesenchymal  transition  (EMT).  EMT,  a  phenomenon  traditionally  associated  with  embryonic 
development,  is  now  accepted  as  a  central  mechanism  that  induces  invasion  and  metastasis  of  tumors2,3.  As  part 
of  the  EMT  process,  epithelial  cells  lose  their  apical-basal  polarity  and  intercellular  adhesive  property;  in  proxy, 
the  cells  gain  mesenchymal  properties,  including  fibroblast-like  morphology  and  increased  motility,  all  of  which 
favor  invasion  and  dissemination.  EMT  also  bestows  tumor  cells  with  cancer  stem  cell  (CSC)-like  characteristics, 
and  an  associated  therapeutic  resistance. 

Breast  cancer  is  a  heterogeneous  disease  in  terms  of  tumor  histology,  clinical  presentation,  and  response  to 
therapy  There  are  four  major  subtypes  based  on  gene  expression  profiling:  luminal  A,  luminal  B,  ErbB2,  and 
basal  like.  Breast  cancer  undergoes  EMT  and  show  a  basal-like  phenotype,  suggesting  that  EMT  occurs  within 
a  specific  genetic  context  in  breast  cancers4.  A  better  understanding  of  the  mechanisms  that  support  the  EMT 
program  in  breast  cancer  is  crucial  in  order  to  develop  new  therapeutic  strategies.  A  hallmark  of  EMT  is  the  loss 
of  E-cadherin  expression3.  Several  transcription  factors  have  been  implicated  in  the  transcriptional  repression  of 
E-cadherin  and  function  as  molecular  switches  for  the  EMT  program3,5,6.  Twist  and  Snail  are  two  transcriptional 
factors  that  are  crucial  to  EMT  activation,  and  cooperate  to  support  development  of  full  invasive  and  metastatic 
capacity.  For  example,  during  the  mesoderm  formation  in  Drosophila ,  twist  and  snail  function  as  positive  and 
negative  regulators,  respectively;  Twist  acts  as  a  transcriptional  activator  to  induce  mesodermal  gene  expression, 
whereas  Snail  serves  as  a  transcriptional  suppressor  to  prevent  expression  of  genes  that  belong  to  ectoderm7. 
Similar  cooperative  activities  suggest  that  Twist  and  Snail  work  synergistically  to  induce  EMT8. 

Protease-activated  receptors  (PARs)  are  members  of  a  subfamily  of  G  protein-coupled  receptors  that  play 
critical  roles  in  development,  inflammation  and  angiogenesis,  and  cancer.  PARs  contribute  to  tumor  cell  motility 
and  metastasis9.  PARI,  also  known  as  the  coagulation  factor  II  (thrombin)  receptor,  is  a  protein  encoded  by  the 
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F2R  gene  in  humans.  PARI  is  thought  to  be  involved  in  the  invasive  and  metastatic  processes  of  several  types  of 
cancer,  including  breast,  colon,  lung,  pancreas  and  prostate  cancers10-13.  Recent  research  shows  that  the  PARs 
are  upstream  signals  of  Hippo  pathway14.  The  Hippo  signaling  pathway,  initially  discovered  by  genetic  studies 
in  Drosophila  as  a  regulator  of  organ  size,  plays  a  crucial  role  in  tissue  growth,  and  in  tumorigenesis15.  PARI  acts 
through  the  G12/i3  and  Rho  GTPase  to  inhibit  the  Hippo  pathway  kinases  Latsl/2;  this  kinase  activates  down¬ 
stream  signaling  of  YAP/TAZ  by  decreasing  its  phosphorylation  and  increasing  nuclear  localization14.  Therefore, 
Hippo  inhibition  and  the  associated  YAP/TAZ  activation  function  as  a  key  downstream  signaling  branch  of  PARI 
activation.  However,  the  proteases  responsible  for  activating  the  pro-invasive  functions  of  PARI  are,  to  date,  not 
identified. 

In  this  study,  we  found  that  the  expression  of  Twist  induced  EMT  in  mammary  epithelial  cells  and  lumi¬ 
nal  breast  cancer  cells,  and  that  PARI  and  TAZ  were  activated  in  these  Twist- overexpressing  transfectants. 
Knockdown  of  TAZ  expression  significantly  decreased  the  expression  of  connective  tissue  growth  factor  (CTGF) 
and  suppressed  the  invasive  properties  mediated  by  Twist.  Together,  our  results  indicate  that  the  activation  of 
PARI  and  the  inhibition  of  Hippo  pathway  are  required  for  the  Twist-induced  EMT.  Therefore,  our  study  not  only 
reveals  a  critical  mechanism  underlying  metastasis  but  also  has  implications  for  the  development  of  therapeutic 
strategies  for  breast  cancer. 

Results 

Overexpression  of  Snail  or  Twist  induces  EMT.  To  determine  the  role  of  Snail  and  Twist  in  EMT,  we 
expressed  Snail  or  Twist  in  immortalized  human  mammary  epithelial  cells  (HMLE).  Expression  of  Snail  or  Twist 
induced  morphologic  changes  in  HMLE  cells,  from  a  cobble-stone-like  epithelial  appearance  to  a  spindle-shaped 
fibroblastic-like  phenotype;  these  cells  became  elongated  in  shape  and  disassociated  from  their  neighboring  cells 
(Fig.  1  A).  Immunofluorescence  staining  showed  downregulation  of  the  epithelial  marker  E-cadherin,  and  upreg- 
ulation  of  the  mesenchymal  marker  Vimentin.  Western  blot  analysis  confirmed  these  results  (Fig.  IB).  We  also 
expressed  Snail  or  Twist  in  two  luminal  breast  cancer  cell  lines,  T47D  and  MCF7,  that  contain  little  endogenous 
Snail  and  Twist.  Expression  of  Snail  or  Twist  induced  EMT  in  these  cells,  and  converted  the  morphology  of 
luminal  cells  to  a  basal-like  phenotype  (Fig.  2A).  In  addition,  we  found  downregulation  of  the  luminal  epithelial 
markers  E-cadherin  and  ERa,  and  the  upregulation  of  the  mesenchymal  marker  N-cadherin  by  immunofluores¬ 
cence  and  western  blot  analysis  (Fig.  2A,B).  Long  term  (over  10  days)  expression  of  Snail  in  T47D  and  MCF7  cells 
led  to  apoptosis  in  both  cell  lines  (Table  1),  and  expression  of  Twist  in  MCF7  cells  also  led  to  apoptosis  in  this  cell 
line.  Interestingly,  overexpression  of  Twist  in  T47D  cells  did  not  result  in  apoptosis,  but  led  to  the  formation  of  a 
stable  cell  line  with  morphologic  changes  typical  of  EMT  (Table  1).  The  mRNA  levels  of  E-cadherin  and  ERa  were 
dramatically  decreased  in  this  transformed  cell  line  (Fig.  2C). 

Twist  expands  the  Stem  cell  population.  To  investigate  whether  Twist- expression  affects  proliferation 
of  breast  cancer  cells,  we  measured  cell  growth  of  T47D-Twist  cells  by  cell  counting.  T47D-Twist  cells  did  not 
demonstrate  a  significant  growth  difference  compared  with  the  vector  control  cells  over  the  96 -hour  interval 
examined  (Fig.  3A).  We  also  examined  tumorsphere  formation  of  these  cells,  which  is  based  on  the  unique  prop¬ 
erty  of  stem/progenitor  cells  to  survive  and  grow  in  serum-free  suspension.  Although  both  T47D-vector  and 
T47D-Twist  cell  types  did  form  tumorspheres,  the  size  and  density  of  tumorspheres  formed  by  T47D-Twist  cells 
were  lightly  smaller  than  those  formed  by  vector  control  cells  under  normoxic  conditions.  Under  hypoxic  condi¬ 
tions,  tumorspheres  were  sparse  in  vector  control  cells.  Surprisingly,  the  size  and  density  of  tumorsphere  formed 
by  T47D-Twist  cells  were  much  bigger  than  that  of  control  cells  (Fig.  3B).  These  results  suggest  that  expression 
of  Twist  promotes  induction  of  CSC-like  properties  and  their  growth  in  T47D  cells  under  hypoxic  conditions. 

Twist  promotes  cell  migration  and  invasion.  To  investigate  the  migratory  and  invasive  capabilities 
mediated  by  Twist,  we  performed  an  in  vitro  wound  healing  assay,  which  is  commonly  used  to  assess  the  effects 
of  exogenous  gene  expression  on  the  migration  of  individual  cells.  Closure  of  the  scratch  wound  required  signifi¬ 
cantly  less  time  in  T47D-Twist  cells  than  in  vector  control  cells  (Fig.  4A).  Statistical  analysis  indicated  that  migra¬ 
tion  activity  of  T47D-Twist  cells  was  about  3-fold  higher  than  that  of  vector  control  cells  (Fig.  4A).  We  also  used 
Matrigel-coated  Boyden  chambers  to  assess  cell  invasiveness;  the  invasion  capacity  of  T47D-Twist  cells  increased 
14-fold  compared  with  that  of  vector  control  cells  (Fig.  4B). 

Twist  induces  PARI  activation  and  Hippo  inhibition.  To  understand  the  molecular  mechanisms 
associated  with  Twist-induced  EMT,  we  performed  cDNA  microarray  analysis  of  HMLE  and  T47D  cells  that 
had  undergone  Twist-mediated  EMT  (Figs  1A  and  2A).  The  mRNA  of  two  PARs  family  genes,  PARI  (F2R)  and 
PAR3  ( F2RL2 ),  were  significantly  elevated  in  both  cell  lines.  These  results  were  confirmed  by  qRT-PCR  (Fig.  5A). 
Recently,  these  PAR  proteins  were  identified  as  upstream  regulators  of  the  Hippo  pathway,  and  play  a  crucial  role 
in  breast  cancer  invasion  and  metastasis.  These  data  suggest  that  Twist  regulates  the  Hippo  pathway  by  upregu- 
lating  PAR  expression. 

Next,  we  investigated  whether  Twist  expression  suppresses  the  Hippo  pathway  by  examing  the  expression  of 
TAZ  in  T47D-Twist  cells  and  the  corresponding  control  vector  cells.  Since  PARI  inhibits  the  Latsl/2  kinases, 
we  would  expect  that  a  Twist-mediated  increase  in  PARI  expression  would  decrease  TAZ  phosphorylation  and 
increase  TAZ  activity.  We  found  that  TAZ  was  activated  in  T47D-Twist  cells,  and  that  the  level  of  phosphorylated 
TAZ  was  significantly  reduced  (Fig.  5B).  Consistent  with  this,  the  expression  level  of  CTGF,  a  downstream  tran¬ 
scriptional  target  of  TAZ,  was  increased  (Fig.  5B).  These  results  support  the  idea  that  Twist  suppresses  the  Hippo 
pathway  by  upregulating  the  PARI  signaling. 

If  TAZ  activation  is  crucial  for  the  Twist- mediated  EMT,  depletion  of  TAZ  should  reverse  the  changes  induced 
by  Twist.  To  test  this  possibility,  we  employed  a  luciferase  reporter  assay  to  determine  if  TAZ  is  required  for  the 
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Figure  1.  Overexpression  of  Snail  or  Twist  induces  EMT  in  HMLE  cells.  (A)  Representative  images 
show  expression  of  E-cadherin  and  Vimentin  in  Snail-  or  Twist- expressing  HMLE  cells  analyzed  by 
immunofluorescent  staining.  Nuclei  were  visualized  with  DAPI  staining  (red).  The  morphologic  changes 
associated  with  EMT  are  shown  in  the  representative  phase  contrast  images.  Scale  bars,  50  pm.  (B)  Expression 
of  E-cadherin,  N-cadherin  and  Vimentin  in  these  cells  was  assessed  by  western  blot  analysis;  actin  served  as  a 
loading  control. 


Twist-mediated  activation  of  CTGF  promoter.  We  found  that  expression  of  Twist  increased  the  promoter  activity 
of  CTGF,  however,  this  effect  was  blocked  by  knocking  down  the  expression  of  TAZ  (Fig.  5C).  Taken  together, 
these  results  indicate  that  Twist  expression  activates  TAZ,  which  leads  to  an  increase  in  CTGF  promoter  transac¬ 
tivation  as  measured  by  luciferase  activity.  To  further  confirm  the  effect  of  TAZ,  we  knocked  down  the  expression 
of  TAZ  by  siTAZ  in  T47D-Twist  cells  and  control  vector  cells  (Fig.  5D),  and  performed  wound  healing  and  inva¬ 
sion  analyses.  We  found  that  the  migration  induced  by  Twist  in  T47D  cells  was  reduced  from  3-fold  to  1.3-fold 
(Fig.  6A),  and  that  the  invasion  capability  was  reduced  from  14-fold  to  5-fold  (Fig.  6B);  these  data  indicate  that 
Hippo  pathway  inhibition  is  required  for  the  increased  migratory  and  invasiveness  in  Twist-mediated  EMT. 

Discussion 

Accumulating  evidence  indicates  that  EMT-associated  transcription  factors  endow  cells  with  malignant  traits, 
such  as  invasion,  migration  and  therapeutic  resistance.  In  this  study,  we  showed  that  the  exogenous  expression 
of  Twist  induced  EMT  not  only  in  normal  mammary  epithelial  cells  HMLE,  but  also  in  the  luminal  breast  cancer 
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Figure  2.  Overexpression  of  Snail  or  Twist  induces  EMT  in  T47D  and  MCF7  cells.  (A)  Representative 
images  show  expression  of  E-cadherin  and  ERa  in  Snail-  or  Twist- expressing  T47D  and  MCF7  cells  analyzed 
by  immunofluorescent  staining.  Nuclei  were  visualized  with  DAPI  staining  (blue).  The  morphologic  changes 
associated  with  EMT  are  shown  in  representative  phase  contrast  images.  Scale  bars,  50  pm.  (B)  Expression  of 
E-cadherin,  N-cadherin  and  ERa  in  these  cells  was  assessed  by  western  blot  analysis;  actin  served  as  a  loading 
control.  (C)  Quantification  of  the  relative  mRNA  levels  of  E-cadherin  and  ERa  in  Twist  expressing  T47D  cells 
compared  with  vector- control  cells  using  real-time  PCR.  Presented  data  are  the  mean  ±  SD  from  three  separate 
experiments,  with  *and  **indicate  p  <  0.01  in  comparison  with  that  of  control. 
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Cell  lines 

EMT 

Apoptosis 

Survival 

T47D 

control 

No 

No 

Yes 

Snail 

Yes 

Yes 

No 

Twist 

Yes 

No 

Yes 

MCF7 

control 

No 

No 

Yes 

Snail 

Yes 

Yes 

No 

Twist 

No 

Yes 

No 

Table  1.  EMT,  apoptosis  and  survival  status  in  T47D  and  MCF7  cells  with  Snail/Twist  overexpression. 


cells  T47D.  We  established  a  T47D  cell  line  stably  expressing  Twist,  and  this  cell  line  displayed  a  mesenchymal 
cell  phenotype. 

Our  study  demonstrates  that  Twist-induced  EMT  in  T47D  cells  is  accompanied  by  functional  effects,  includ¬ 
ing  increased  cell  invasion,  migration  and  CSC-like  properties  under  hypoxic  conditions.  We  also  established  that 
Twist  activates  PARI  and  PAR3  gene  expressions.  The  PARs  are  a  unique  class  of  G-protein-coupled  receptors 
that  act  as  high-gain  sensors  of  extracellular  protease  gradients,  allowing  cells  to  react  to  a  proteolytic  microen¬ 
vironment10.  PARs  have  been  implicated  in  tumor  progression.  PARI  is  not  expressed  in  normal  breast  epithelia 
but  is  upregulated  in  invasive  breast  carcinomas16.  The  invasive  MDA-MB-231  breast  cancer  cell  line  express  high 
levels  of  PARI17.  In  our  study,  activation  of  PARI  in  noninvasive  T47D  cells  accompanied  the  acquisition  of  a 
mesenchymal  phenotype  and  suppression  of  the  Hippo  pathway  (Fig.  6C). 

Major  components  of  the  Hippo  pathway,  including  the  MST1/2  and  Latsl/2  kinases,  are  highly  conserved 
and  play  an  important  role  in  control  of  mammalian  organ  size,  cell  proliferation,  apoptosis,  and  stem  cell  dif¬ 
ferentiation18.  PARs  regulate  the  Hippo  pathway.  Activation  of  PARI  and  other  G  protein  coupled  receptors  that 
link  to  G12/i3,  trigger  the  activation  of  Rho  GTPase,  which  works  through  the  actin  cytoskeleton  to  inhibit  the 
Latsl/2  kinase  and  subsequently  activates  YAP/TAZ  by  decreasing  its  phosphorylation  and  increasing  nuclear 
localization14.  PAR3  was  speculated  to  modulate  PARI  signaling  by  receptor  dimerization.  PAR3  had  been 
reported  functions  as  an  important  allosteric  modulator  of  PARI  signaling.  PARI  hetero dimerization  with  PAR3 
alters  the  PAR1/Ga13  binding  conformation,  enhancing  Ga13  signaling19.  TAZ,  a  transducer  of  Hippo  pathway, 
was  reported  to  confer  CSC-related  traits  on  breast  cancer  cells,  and  was  required  to  sustain  self-renewal  and 
tumor- initiation  capacities  in  breast  cancer  stem  cells20.  We  hypothesize  that  PARI  overexpression  induced  by 
Twist  could  contribute  to  breast  cancer  cell  progression  by  inhibiting  Hippo  pathway  In  our  study,  we  found  that 
the  expression  level  of  TAZ  was  upregulated  by  Twist  expression,  while  the  phosphorylation  level  of  TAZ  was 
downregulated.  Dephosphorylated  TAZ  functions  as  transcription  coactivators  for  the  TEAD  family  of  tran¬ 
scription  factors  to  induce  gene  expression,  thereby  promoting  cell  growth,  proliferation,  and  survival21-23.  We 
found  that  the  expression  level  of  CTGF,  a  known  TAZ  target  gene15,24,  was  increased  in  Twist- expressing  T47D 
cells.  The  luciferase  activity  of  the  CTGF  promoter  was  also  enhanced.  To  further  address  the  role  of  TAZ  in  the 
Twist  regulated  Hippo  pathway,  we  knocked  down  the  expression  of  TAZ,  and  found  that  clear  reversion  of  lucif¬ 
erase  activity  was  observed  by  TAZ  depletion  in  Twist- expressing  T47D  cells.  Moreover,  TAZ  ablation  suppressed 
migration  and  invasion  capability  as  determined  by  the  wound  healing  and  invasion  assays.  These  results  imply 
that  Twist  activates  TAZ  in  the  Hippo  pathway  and  that  TAZ  depletion  inhibits  Twist- induced  cell  migration  and 
invasion. 

In  summary,  we  delineated  the  cross-talk  between  Twist-mediated  EMT  and  the  Hippo  pathway  in  metastatic 
breast  cancer.  We  showed  that  PARI  was  activated  by  Twist.  The  induction  of  PARI  expression  was  critical  for 
the  Twist-mediated  promotion  of  EMT  and  cell  invasion  and  migration.  Activated  PARI  signaling  induced  the 
expression  of  TAZ  by  suppressing  Hippo  pathway,  and  bestowed  breast  cancer  cells  with  stem  cell  properties 
(Fig.  6C).  Together,  our  experiments  revealed  a  role  for  PARI  in  promoting  EMT  and  invasive  potential  of  breast 
cancer  cells,  suggesting  that  PARI  might  be  a  potential  therapeutic  target  for  EMT  and  metastasis  of  breast  cancer. 

Methods 

Plasmids,  siRNA,  and  Antibodies.  Smart  pool  siRNA  against  TAZ  was  obtained  from  Dharmacon 
(Chicago,  IL).  Human  Twist  and  Snail  were  amplified  from  a  HeLa  cDNA  library  and  subcloned  into  pLenti6.3/V5. 
Antibodies  for  Vimentin  and  ERa  were  from  Neomarkers  (Fremont,  CA).  Antibodies  for  E-cadherin  and  TAZ 
were  from  BD  Transduction  Laboratories  (San  Jose,  CA).  Antibodies  for  Twist,  YAP,  p-YAP  and  CTGF  were  pur¬ 
chased  from  Santa  Cruz  Biotechnology  (Santa  Cruz,  CA).  Snail  and  N-cadherin  antibodies  was  purchased  from 
Cell  Signaling  Technology  (Danvers,  MA)  and  Upstate  (Charlottesville,  VA),  respectively 

Cell  Culture.  The  MCF7  breast  cancer  cell  line  was  grown  in  Dulbeccos  modified  Eagles  medium  (DMEM)/F12 
supplemented  with  10%  fetal  bovine  serum  (FBS).  T47D  cells  were  grown  in  RPMI1640  plus  10%  FBS.  HMLE 
was  grown  in  DMEM/F-12  medium  plus  lOng/mL  EGF,  10  pg/mL  insulin  and  0.5  pg/mL  hydrocortisone.  For 
establishing  stable  clones,  transfected  breast  cell  lines  were  selected  with  puromycin  (1  pg/mL)  for  4  wks. 

Immunostaining  and  Immunoblotting.  Experiments  were  performed  as  described  previously25,26.  For 
immunofluorescent  staining,  cells  grown  on  chamber  slides,  were  fixed  with  4%  paraformaldehyde,  and  incu¬ 
bated  overnight  with  primary  antibodies.  Secondary  antibodies  were  Alexa  Fluor  488  goat  anti-mouse  IgG 
(H  +  L),  Alexa  Fluor  568  goat  anti-mouse  IgG  (H  +  L),  or  Alexa  Fluor  568  goat  anti-rat  IgG  (H  +  L)  (Molecular 
Probe,  Carlsbad,  CA). 
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Figure  3.  Overexpression  of  Twist  induces  CSC-like  properties  in  T47D  cells.  (A)  Graphic  representation  of 
cell  growth  rates  by  T47D  cells  stably  expressing  Twist  or  control  vector.  Cell  counts  were  obtained  daily  over  a 
4  day  period.  Presented  data  are  the  mean  ±  SD  from  two  independent  experiments  with  triplicate  samples.  NS 
stands  for  statistically  non-significant.  (B)  Tumorsphere  formation  was  assessed  in  T47D  cells  overexpressing 
Twist  under  normoxic  or  hypoxic  conditions.  Representative  images  of  tumorspheres  are  shown  in  the  right 
panel.  Scale  bars,  100  pm.  Left  panel,  are  graphic  representations  of  tumorsphere  number.  Presented  data  are  the 
percentage  of  control  vector  values,  with  mean  ±  SD  of  three  separate  experiments  performed  in  duplicate. 

#p  <  0.05  and  *p  <  0.01  when  vector  control  cells  compared  with  their  Twist- expressing  clones,  respectively 


Quantitative  Real-Time  PCR.  Total  RNA  was  prepared  using  the  RNeasy  Mini  kit  (Qiagen)  according  to 
the  manufacturer  s  instructions.  Specific  quantitative  real-time  PCR  experiments  were  performed  using  SYBR 
Green  Power  Master  Mix  following  manufacturer’s  protocol  (Applied  Biosystems). 

Luciferase  Reporter  Assay.  Luciferase  reporter  assays  were  performed  as  described  previously25,27.  Cells 
grown  to  50%  confluence  in  six- well  plates  were  co-transfected  with  reporter  gene  constructs  using  Fugene  6 
(Roche,  Indianapolis,  IN).  To  normalize  transfection  efficiency,  cells  were  also  co-transfected  with  pTK-RL 
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Figure  4.  Overexpression  of  Twist  enhances  cell  migration  and  invasion  of  T47D  cells.  (A)  Graphic 
representation  of  the  migratory  capability  of  stably  transfected  T47D  cells  expressing  either  Twist  or  control 
vector  assessed  using  a  wound  healing  assay  A  scratch  (“wound”)  was  inflicted  to  a  cell  layer  produced  48 
hours  post-plating,  and  culture  continued  for  an  additional  24hrs.  Wound  closures  were  photographed  at  0  and 
24  hr.  Presented  data  are  the  mean  ±  SD  from  three  independent  experiments,  with  ^indicates  p  <  0.01  when 
comparing  with  control  values.  A  representative  experiment  is  shown  in  the  right  panel.  Scale  bars,  50  pm. 

(B)  Graphic  representation  of  the  invasiveness  of  T47D  cells  stably  expressing  Twist  or  control  vector  using  a 
modified  Boyden  Chamber  invasion  assay  as  described  in  the  Materials  and  Methods.  Presented  data  are  the 
mean  =t  SD  from  three  separate  experiments,  with  ^indicates  p  <  0.01  when  comparing  with  control  values.  A 
representative  experiment  is  shown  in  the  right  panel.  Scale  bars,  100  pm. 


(Renilla  luciferase).  Cell  extracts,  prepared  48  hrs  after  transfection,  were  assessed  for  luciferase  activity  using  the 
Dual-Luciferase  Reporter  Assay  System  (Promega,  Madison,  WI).  All  experiments  were  performed  three  times 
in  triplicate. 

Invasion  Assay.  Invasion  assays  were  performed  in  Boyden  chambers  coated  with  Matrigel  as  instructed  by 
the  manufacturer  (BD  Biosciences,  San  Jose,  CA).  Cancer  cells  were  seeded  on  top  of  the  Matrigel  in  the  upper 
chamber,  and  the  bottom  chamber  was  filled  with  culture  medium  containing  EGF  (10  ng/mL)  as  the  chemoat¬ 
tractant.  The  invasive  cancer  cells,  on  the  underside  of  the  Boyden  chamber  membrane,  were  fixed  with  paraform¬ 
aldehyde,  stained  with  crystal  violet  and  counted.  All  experiments  were  performed  in  triplicate. 

Tumorsphere  Assay.  Tumorsphere  assays  were  performed  following  the  protocol  previously  described28,29. 
Briefly,  cells  were  seeded  in  single- cell  suspension  in  triplicate  into  ultra-low  attachment  6- well  plates  (Corning) 
in  DMEM/F12  medium  supplemented  with  20  ng/mL  EGF,  5  mg/mL  insulin,  0.5mg/mL  hydrocortisone  and 
2%  B27.  After  1  to  2  wks  incubation,  the  presence  of  spheres  (3D  multicellular  structures  greater  than  40  pm  in 
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Figure  5.  Overexpression  of  Twist  induces  the  activation  of  PARI  signaling.  (A)  Graphic  representation  of 
the  fold  change  in  mRNA  levels  of  Twist,  F2R  and  F2RL2  in  Twist- expressing  T47D  cells  compared  with  control 
vector  cells  by  real-time  PCR.  Presented  data  are  the  mean  ±  SD  of  three  separate  experiments,  with  ^indicates 
p  <  0.01  when  comparing  with  control  values.  (B)  Western  blot  analysis  for  p-TAZ,  TAZ  and  CTGF  expression 
in  EMT-induced  Twist- expressing  T47D  cells  or  T47D  cells  expressing  control  vector.  Actin  served  as  a  loading 
control.  (C)  Effect  of  TAZ  siRNA  or  NTC  siRNA  on  CTGF  promoter  luciferase  activity  in  Twist- overexpressing 
T47D  cells  and  T47D  cells  expressing  control  vector.  Assessments  were  made  after  48  hours  in  culture. 
Presented  data  are  mean  ±  SD  of  normalized  luciferase  activities  determined  from  three  separate  experiments, 
^indicates  p  <  0.01  when  control  siRNA  expressed  in  Twist-T47D  cells  compared  with  in  vector  control  cells; 
and  **indicates  p  <  0.01  when  compared  expression  of  TAZ  siRNA  and  control  siRNA  in  Twist-T47D  cells. 

(D)  Effect  of  TAZ  siRNA  on  TAZ  and  Twist  expression  in  EMT-induced  Twist- expressing  T47D  cells  and  in 
T47D  cells  expressing  control  vector  by  western  blot  analysis.  Actin  served  as  a  loading  control. 
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Figure  6.  Knockdown  of  TAZ  suppresses  Twist-induced  cell  migration  and  invasion  of  T47D  cells. 

(A)  Effect  of  TAZ  siRNA  on  cell  migrating  activity  in  Twist- overexpressing  T47D  cells  and  T47D  cells 
expressing  control  vector  using  a  wound  healing  assay.  A  scratch  (“wound”)  was  inflicted  to  a  cell  layer 
produced  48  hours  post-plating,  and  culture  continued  for  an  additional  24hrs.  Wound  closures  were 
photographed  at  0  and  24  hr.  Presented  data  are  the  mean±  SD  from  three  independent  experiments,  with  *and 
indicating  significant  difference  of  p  <  0.05  from  control  values.  (B)  Effect  of  TAZ  siRNA  on  cell  invasiveness 
in  Twist- overexpressing  T47D  cells  and  T47D  cells  expressing  control  vector  using  a  modified  Boyden  Chamber 
invasion  assay  as  described  in  the  Materials  and  Methods.  Presented  data  are  a  graphic  representation  of  the 
mean  ±  SD  of  percentage  of  invasive  cells  obtained  from  three  separate  experiments,  with  *and  indicating 
significant  difference  of  p  <  0.05  from  control  values.  (C)  Expression  of  Twist  results  in  increased  expression 
of  PARI,  which  promotes  invasion,  migration,  and  induces  CSC-like  properties  in  breast  cancer  cells  by 
upregulating  the  expression  of  TAZ. 


diameter)  was  assessed  by  inverted  microscopy  Ten  random  fields  for  each  cell  lines  were  visualized;  the  number 
and  size  of  spheres  in  the  10  fields  were  calculated  as  a  percentage  over  that  of  parent  cells. 

Statistical  Analysis.  Experiments  were  repeated  at  least  twice.  Data  are  presented  as  mean  ±  SD.  A  Students 
t-test  (two  tailed)  was  used  to  compare  two  groups,  p  <  0.05  was  considered  statistically  significant. 
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